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ABS"I RAC I

I his inve stigation %, as conce rnued v. ah the coinpound.ng, crrystal grox, th, cha rClctt: rI-

zation, and evaluation ok compounds formed betveen the rare-earth elements and

elements of chemical Groups V and VI. Spci•ial enmphasis is placed on providing baic

information to nmake possible the ultimatv deveulonent uo .•--hifl soxi C-state electr.,n_

d, vices based on these inaterials. In Sitnpflh1 the tienvi)jerz Q; the r;.rc-earth lai-nni

tb¢ ccInicntm Suriujii, neodynmurn , sanarium. •aduhnum, erbiu.n, and ytti rbicol .-tvu

bcrn used Iii the preparation ol represtse eate c•rn, pounds and allwx s ½¼ th 'Anioll'. milkiA

as, scleniurn, tellurkuni, oxyVi,,. arsenic, antir)fy, iosphorus, and nitrUge1n.

Single crystal, bulK, and thin-film specimens have beer preparvd, and dr'tall", rc-

garding methods uf compounding ±Lid crystal growth are given. Crystal stroictl irv and

phase rclatio:.,slip, indicate that, in su•,,t.e Ua,, as i.any as biAr d ktirnct crý >tailinc

phase!, may exist ,vithin a single binary system. \ hbile electrical cOndct-.vtitsu, iii

the mnaterials tre-ated lall gent-erally in tne be riconductor range, transport ncchai)i!inn

are not entirel) conisistent with classical scnliconductor theory. Tue electric'ji proper-

ties of specirensn of the various comptinds and compositions are consisttent, in gej.eral,

with the present understanding of the chemistry arnd crystal ,tructure of the rare-earth

elenients and cornpoundt- In many cases it in ,vident trat tne prosence ol unfilled 4f

shells, assciated with the rare-earth elements-, stromgly iniluences electron trarnsp)ojrt

in these materials, w-hich fact is of both practiýzal and theoretical interest. Several

applications of rare-earth comnpounds and alloys studicd at,. suggested. These incLudt-

application in thermistors and related devices, adjustable-ternperature-coefficient re-

sistors, high-temperature thermoelectric generators, and active devices consistingq uof

metal-insulator structures.

PUBLICA1ION REVIEW

Publication of this technical documentary report does not constitute Air Force

approval of the reports findings or conclusions. It is published only for the exchange
and stimulation of ideas.

FOR THE COMMANDER:

ROBERT D. LARSON
Chief, £lectron:cs Research Branch
Electronec 1 echnology Daiision
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STUDY OF SEMICOIDUC i ýN'G PR•OPERIIES

AND COMFUPVNL.S

INi RO DU C I ION

1 h1 1 b thuV fi ..A I V . 1-11i Lul L0u UlecVIt.r IG pRt J1 1o. thV 6 t~b ut t Prtg iIc ilnd L~ 1'.vr-,

t|u rusearth accuaiplishnients I ron Ji tiv 1, 196 0 , to December I, 19b 3. I he pr,.riAry

objective of this investigation is to develop net InolAlvdg, and control of the prepara,-
tion and properties of selected rare-earth cvnipoonds 'through -Audiv of the material&,
ailti motcly as single crystals and films, aiid thu s to asssay the potential of thee ccot ,:-

riaas for electroniic applications. To this end, a number of representative compoCltd
and ,,]iou s of tht. rarL-eUrth uleinreit in conibit,,A1,0I with dhanVent s of ,heCIIi ,] G•roup,0s
V azd VI havte been in.vcstigated. Research has bet, n conducted in the areas of coni-

pound preparation, purification, crystal growth avd structure studies. film depob,.tiot,
aid eleitrical analysis.

Considering that there are 14 rare-earth e.'.cnents, that iniormation obtained a-
the early vurk pointed to the existence of sewvral compounds in each of thu svsteux•,

,hid that a nuniber otl Groups V and VI iueteliiod species vre involved, the nuliiber )I
us:,oibl- cnipuuiids in the ,ysters under cunsideration is seenl to be extre.i•-y Iv uecc-.

"To undurtake investigation of all of the cocmipounds -,%ouid constitute a proinibitiveiý larý,

task. Therefore, available information on the Ji,2xnitry of the rare-earth eleii,.Jets
w,%as utilized ill tie selecticnr, of represeitativL 11ompO."ds for stiidy. In addilion, since,

in an initial exploratory study (Ref. 1)", the mnore interesting clectrical properties i..ere
observed for the selenides and tellurides, initial an(I major portioa>-- of this irnve sti-

gation \Nere devoted to study of these compounds and cheir alloys.

Iii discussions o Cthe chenistry of the rare-evatl el i-uý,nts, lhe s:niilarity of their
behavior and the predoininarice of tihte tripvsitive oxcdation state are often stresscd -
thius creating popular nascoace-ptioiis. As shuvn in Tabie 1, other important oxidation
states also are observed for a neLber Of Lt' ellmnent-. Conversion t(, Ihv dapositive or

tetrapositive state is, in fact, utilized in e-lfucting thve chemical separation of some
elements front (naturally occurring) mixtares. Hlence it is apparent that several types

of chemical behavior of the rare-earth eloniernts nrust bh considered if one is to Stady
representative rare-earth materials.

Aniong the tripositive ions, high stabilit- is associated with the electronic con-
fig;tirations of the La34, Gd 3 +, and Lu 3 + lons in m-hich the 4f levels are empt}, half

alled, and f-ild, respectcvely The dipo aitlve itnd tetrapositive oxidation statvs ol thie-

nvighboring .ara-earth elemients (Table i} appear to arist, as a result of approach ti.,

or achi4venent of, the stable 4f0, 40, 411" cmcli ,urations. . Among the ... thhe dipos.-ivt, 1

state'S of ss.a maul, coropiuni, and ytt-rbIuai inrd the tetrapiositive staze (it Co-r irat irf-

the nUorc important; the corresponding .'Date-s of t hula c, praseuod\'mi.uni, aand tt-rb•,ini

appear to, be less stable an-i are observed orcly wnder special conditions.

'R, M L!1 Lit, a t i•'l,• r-': .,' "

tt' c., ri b t tV ; t !,, " 'i..i t , 1, 4,4. f,;c c e fI i;. -%I[. PTF" Ti• u imt ! fl V I, a cin!jr, kcp,,rt



TABLE i. OXIDATION STATES AND ELECTRONIC _ __

ELEMENTS

Known Corresponding 4V
Element Oxidation States Electronic Configurations

La 3 4rI
Ce 3 4 4fV 4f
Pr 3 -4 4f" - 4fl
Nd 3 4f 3

(Prn) 3 4f4

SM 2- 3 4f6 -4f0
Eu 2- 3 4f 7 -4f6

Gd 3 407
Tb 3 -4 4 - 47
Dy 3 4f9
Ho 3 4f10
Er 3 4f11
Tm Z- 3 4f13 - 4f12
Yb 2 -3 0f14 - 413

Lu 3 4f14

Within a given class of compounds, it is reasonable to expect that different

characteristics will be obtained as the chemical nature of the rare-earth element
changes. Accordingly, rare-earth elements were selected from the three types noted.
Neodymium, gadolinium, and erbium were chosen as representatives of the "regular",
rare-earth elements %kiich exhibit only the tripositive oxidation state. Samarium and
ytterbiurn were selected for study as representatives of the elements which exhibit both
dipositive and t:ipositive states. Compounds of cerium were also prepared and studied,
since this element exhibits both the tripositive and tetrapositive states.

Another factor which one might expect to warrant consideration is the possible
effect of the lanthanide contraction. The decrease in atomic and ionic radii with pro-
gression through the rare-earth series certainly produces an effect on properties of the
elements and compounds. However, results indicate this to be of secondary importance
among the effects and phenomena noted and discussed,

COMPOUND PREPARATION AND CRYSTAL GROWTH

The principal technique employed for compound synthesis has been a solid-vaoor
reaction between rare-earth-metal filings and vapors of the Group V or Group VI

element at relatively low temperatures (450 to 1050 C). This reaction yields the
materials in granular form from which bulk crystalline specimer.s are prepared by

melting techniques or by powder-metallurgical techniques. Although the majority of
the materials studied were prepared by this solid-vapor reaction, employed in special

cases were other synthetic techniques such as liquid- vapor reactions and solid-vapor

$ | $ | | $ I | |
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involving thin ilims of rare-earth mretals and cnmpounds is found in a later section on

"Thin Fi ilms".

Three general methods of crystal growth have been investigated; (i) growth from

stichioiretric or nearly 6toichiomctric mcits, (Z) grouth by vapor deposition, and

(3) jrowth from solution. Stud, oA the Iow-tenipvrature crystal-growth nwthoda,

ltens (W) and (3), was attractive, since the preparation of purer, more nearly perfect

c'rystals through reduction of contamination and attainment of better control over the

crystallization process should be possible at the low temperatures.

Vapor-Solid Reaction

In the mnost successful method developed to date for the preparation of bulk speci-

mens, the compound is first prepared in powder or granular form. The granular

material is then melted down and cast into an ingot from which balk bpecimens suitable

for evaluation can be obtained.

The compounds were prepared in granular form by" reacting vapor of the Group V

or Group VI element with filings of the rare-earth metal at moderate temperatures.

Some contaminants were probably introduced in producing the filings. Ho-.ever, the

increased reaction rate obtained thereby is believed to outweigh the contamination

effects, at least in an exploratory program.

The vapor-solid reactions were carried out in sealed, evacuated Vycor tubes,

which were designed so as to maintain physical separation of the rare-earth metal and

the Group V or Group VI element in the condensed state. Maintaining this physical

separation precludes the possibility of the rapid, violent reaction which tends to take

place on direct contact of the condensed piases. For example, the reaction between

dysprosium and selenium has been observed to reach explosive proportions at about

400 C.

To carry out the desired reaction, vapor of the Group V or Group VI metal was

distilled over rare-earth-metal filings at temperatures in the range 450 to 050 C. The

reaction conditions were varied scmewhat, deperding on the specific reaction being

carried out. In general, temperature was increased siowly in a period of 4 to 50 hours,

and was held at the selected level for an additional 14 to 150 hours. Periodic checks

were made to determine when the reaction %as complete. The reaction was considered

to be complete when (1) a condensate of the volatile constituent failed to form on the

reaction-tube wall as it cooled after being removed from the furnace, and (Z) the product

had a homogeneous appearance (i.e. , contained no visible particles of partially reacted

or unreacted metal). In the first experiments on the preparation of a given compound,

the approximate minimum thermal treatment required for synthesis was thus determined

empirically; these conditions then were duplicated or exceeded in subsequent

preparations.

The reaction conditions varied widely as the identity of the compound being pre-

pared changed. For example, the temperature was increased more slowly when a high-

vapor-pressure element such as selenium was involved than for initiation of a reaction

3
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involving a low-vapor-pressure element such as bismuth. Likewise, the longer re-
action times and higher teMAraturn A _al ,-

r group nv•0v1g the i&• e volatile metalloids. This is amply illustrated by com-
parison of the reaction between yttrium and bismuth, which required 140 hours at
800 to 900 C, with that between dysprosium and selenium to form the sesquiselenide,
which appeared to be complete in approximately 6 hours at 400 C. Other examples of
reaction conditions employed are given in Table 2.

As is indicated in the preceding discussion, the vapor-solid reaction has been in-
vestigated for the preparation of a number of classes of rare-earth interinetallic com-
pounds. Several general observations can be made regarding application of the pro-
cedure to the synthesis of compounds of the various classes. Although the observations
are based on work with just a few representative systems, it is reasonable to expect
that similar behavior will be exhibited in nearly all the subject binary systems. In the
majority of the cases, the reactions to form the compounds in a powdered or granular
state were carried out in evacuated, sealed, fused silica or Vycor ampoules. In such
containers, it was necessary that the maximum reaction temperature be held at 900 C
or lower, since it was noted that the rare-earth metal and/or compounds react with the
fused silica at higher temperatures, X-ray diffraction studies on the Gd-Te system
showed that single-phase specimens of compositions in the M 3 X4 to MZX 3 range can be
prepared directly in the granular form by the vapor-solid reaction Pt temperatures
'Z 900 C. The compositions corresponding to the monotelluride, however, are not con-
verted to the compounds by similar treatment; in these cases, the particles are ob-
served to consist of unreacted centers of gadolinium metal covered with surface layers
of a phase having the (M 3 X4 -M 2 X 3 ) structure. Conversion to the monotelluride was
observed to have occurred only after the material had been subjected to higher tempera-
tures 6. 1 300 C). This usually was accomplished in the course of the subsequent melting
Of the granular materials. Hence, no attempt was made to determine the low-
temperature lim'it for the transition.

The solid-vapor reaction also has been used for the preparation of rare-earth
bisrnuthides, antimonides, arsenides, phosphides, and nitrides, in granular form,
as indicated in Table 2, The reactions between the rare-earth metals in finely divided
form and the elemental vapors of the metalloids, bismuth, antimony, arsenic, and
phosphorus, seemed to proceed at reasonable rates to form the 1:1 compounds having
the fcc, NaCl-type structure. To prepare the nitride, however, it was necessary that

a nitrogen compound (ammonia) be used as a source oi reactive nitrogen.

The various reactions also were attempted using bulk specimens of the rare-earth

metals rather than the small particles (filings). Since only thin surface layers of the
majority of the compounds (specifically, the selenides, tellurides, antimonides, and
phosphides) were formed, the results suggested that, in most cases, the reaction rates
may be limited by the rates of diffusion of the metalloid species through the initially
formed layers of the product compounds. An exception to this was encountered in the

arsenides. It was possible to prepare bulk specimens of the arsenides (e. g. , YAs,
GdAs, NdAs) by diffusing arsenic into sizable solid specimens of the rare-earth metals
at moderate temperatures. To illustrate, arsenic (vapor at I atmosphere of pressure)
diffused into and reacted with solid neodymium metal at I 100 C so rapidly that the com-
pound which formed spalled off and the solid disintegrated. At 750 C and with arsenic
vapor pressure at 0. 02 atmosphere, however, the reaction rate was lower and solid
specimens of NdAs were obtained.

4



TABLE 2. TYPICAL CONDITIONS FOR PREPARATION OF
COMPOUNDS BY THE SOLID-VAPOR REACTION

Reaction
Synthetic Temperature, Time,

Composition C hours

Nd 2 Te 3  25-800 4
800 156

Nd 3 Te 4 , 25-700 4
Gd 2 Te 3  700 12

800 144

Nd 3 Se 4  25-350 2
350 10
400 17
450 74

Nd 2 Se 3  25-300 6
300 12
350 4
400 5
450 14

NdSb 25-600 14
600 123

NdAs, 25-500 8
SmAs 500 15

600 z0
680 20

NdP 2 5 - 9 0 0 (a) 24
900 32

1050 72

NdN 1 0 0 0 (b) 125

(a) Piessurc of phosphorus vap-jr held at -1 atm by use of two-furnace technique.
(b) Vapor phase - anhydrous NH3.



Vapor-Liquid Reactions

A number of compounds have been prepared by reacting vapor of the Group V or

Group VI species with the molten rare-earth metal. These reactions are carried out

in evacuated, sealed quartz or Vycor tubes. Induction heating is used to melt the rare-

earth metal, which is placed in a boat (container materials are discussed later in this
section) within the bualed qu.trtz envelolope. The remainder of the quartz envelope is

heated, usually with electric furnaces, so as to create and maintain a suitable concen-

tration of vapor of the Group V or Group VI species.

The vapor-liquid reaction has been carried out in two different ways, both of

which yield bulk spec•mens of the conipouinds. In both of the methods, an excess of the

Group V or Group VI specie-a is used, and vapor pressure of this component is con-

trolled by controlling ininimnuin temperature of the condensed excess. In the first,

the ingot of rare-earth metal is nielted and maintained at a temperature just above its

inciting point. Minimum temperature of the quartz envelope is then gradually increased
so as to slowly increase concentration of the vapor of the Group V or Group VI species.

As concentration d the vapor is increased, the compound crystallizes first in the cooler
regions of the inductively heated melt and, under proper conditions, the solid-liquid

interface progresses gradually tovward the lýigh-temperature regions (Ref. 2). In the
second method, the ingot of r ire-earth metal is melted and maintained at a tempe-'alire

just above the ritnting point of the compound being synthesized. Pressure of the vapor

of the Group V or Group VI species is then made equal to decomposition pressure of the

compound (at its melting point) by raising the minimum temperature of the quartz

envelope to a suitable value. Progressive crcstallization of the compound is accom-

plished by withdrawing the (molten) ingot laterally from the induction coil.

In carrying oit the vapor-liquid reactions, a container problem has been en-

countered. k•nereas t.tntalum apparently is a satisfactory container for simple melting
of the compounds, the tantalum boats are severely attacked during prolonged periods of

exposure to selenium, tellurium, or antimony vapor. Graphite containers, which are
not noticeably attacked by Group V or Group VI vapors or by the molten compounds, are

attacked by the molten rare-earth metals. In the course of the work, a number of con-

tainer materials haxc been investigated. A listing of these materials and observations
as to their short "rmings are given in Table 3. There has been no visual evidence of
reaction between magnesia containers and the melts of the rare-earth metals or com-
pounds. However, some difficulty has been experienced with regard to fracturing of the

containers. It appears that this can be eliminated by avoiding thermal-shock stresses.

Growth From a Melt

In efforts to develop methods for crystallizing sound bulk specimens and, ulti-

mately, for growth of single crystals of these high-melting materials, a number of
methods have been investigated. The basic methods, involving growth from a melt,

include the vertical Bridgman method, button casting, zone melting, and czochralski or I
"crystal-pulling" methods.

Ingots cast by the Bridgman metho(. -imost invariably contained voids, presumably

resulting from the entrapment of pockets of forei -n gases or metalloid vapor in the
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TAL8LE 3. EVAL.XATIOU,, (0 c..UNLAINLRI{ MATELiRLAL•L
FOR COMPOUND .-iYN I• W lS

Container Material Observation

Graphttc' Attacked I,)- nolten rare-varth nit'tal;

ý-ppcarn to bt; niatisLictory for short-
terini )isv v.ith molten compounds

Tantailuil Attacked v yapor ut Group V or

Grou'p VI elturvients; appears to be
satisfact(ory for short-term use with

comp ~ound s

Alumina Attacked cy molten rare-earth metals;
subject to fracture by thermal-shock

streb sCs

Boron nitride Attacked L% m-nolten rarr-t-arth metals;
hydrolyveb slightly in normal

atn.o:phe re

Titaniuir diboride Attacked by molten rare-earth iizctal s

Magnesia No evidence of attack by molten rare-
earth ,wtals, vapor of Group V or
Group VI elements, or molten com-

poundý; molten compounds diffuse

thrrough ceramic sections; subject to

fractuire by the rmal- shock stresses



crystallizing material. Some fracturingof the iutgt au cured.wi•i. .,,......
........ i .orn mpretisvt .. stressesinp.*ud '" y 0W 'ontainer wa 11.

Improvement in both respects was expected for button-cast specimens because
of the large exposed surface area, which should favor expulsion of gases, and lack of a
constraining container wall, which should minimize compressive stresses. However,
bpecimnens Ahich Avt-r cast in this way contained numerous voids and were fractured
throughout. The poor results are believed to be due to extremely steep thermal
gradients which were present under the experimental conditions prevailing.

Zone melting in an open boat did not yield good specimens. Again, the extremely
steep thermal gradients developed appeared to have a detrimental effect. Although
graphite has appeared to be satisfactory as a container material in short-term use,
appreciable reaction is observed between the graphite and the melt in the long-term
zone-melting runs. Ingots which were zone melted in graphite were bonded to the con-
t,•tuier and were fractured throughout, presumably because of the difference in thermal
expansion of the two materials.

In initial attempts to zone melt in tantalum beats, one difficulty was encountered.
In the molten state, the materials "wet" the tantalum and "creep" up over the side of
tht boat, leaving only a thin layer of sample in the boat. One solution to this problem
•e-. in the use of a tubular container.

A tubular container has been used for the zone melting and zone crystallization
as shown in Figure 1. Tie melting zad crystallizat.on are done in a tantalum "test
tube" which is placed within a long tubular susceptor. The apparatus is set up so that
the longitudinal axis of the test tube is tilted from the horizontal. Directional crystalli-
zation is caused to occur by moving the conta'ner slowly through the rf coil. Direct in-
duction heating of the tantalum test tube i5 possible, but better results have been ob-
tained when a tubular busceptor was used as shoxn.

This relatively simple setup is seen to have several advantages. The crystalli-
zation process can be observed directly t!-i ?ugh the viewport in the end of the tube.
Crystallization can be initiated in the smali 'tip" which is Yornmed at the shallow end of
the melt. Such a procedure promotes growth of single, or iirge, crystals. No signi-
ficant compressive stresses, which cause fracturii,-. are imposed on the ingot by the
container if melt level is kept below the midplane of t.-e tube. Usually no difficulty is
experienced in removing the ingot from the container f_ aiwing the run.

Cr-ystallization by the simple technique described ha's consistently yielded sound
ingots of a number of rare-earth materials, some of which t.'*ere single crystals and
most of which contained relatively large crystals. Voids and fractures have been
virtually eliminated. The combination of the large exposed surface area and a favor-
able thermal pattern is apparently conducive to evolution of the gases (or vapors) which
caused voids to form when other techniques were employed.

The melting points of the samarium and ytterbium monoselenides and monotel-
lurides are high, ca. 2000 C. At these temperatures the materials "wet" the tantalum
containers, and thin sections, such as are obtained from the tilted-tube zone melting
procedure fracture on cooling. However, the slow cooling of melts contained in upright
3-inch-high tantalum crucibles has yielded a number of ingots which contain large
single-cyrstal sections. The melting is done in argon using a 4-inch-long, 10-turn

8
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point by grad"al re duction of output of the rf generator. Typical rates of decrease
were 20 C per minuate in the range >4000 to -1000 C. Single-crystal opecimeas, such
as those shown in Figure 2 which are large enough for usn in elect'rical-property
studies, can be cleaved froni the ingots. Table 4 shows the melting-temperature ranges
applicable to the growth of sound specimens of various rare-earth compounds and alloys
from the melt.

FIGURE 2. SINGLE-CRYSTAL SPECIMENS CLEAVED
FROM INGOT OF MELT-GROWN SmSe

Crystal-pulling experiments were carried out on gadolinium and neodymium
tellurides in both a "standard" Czochralski and a sealed Gremunelmnaier-type magnetic
crystal puller. Runs were made in argon, helium, and tellurium vapor atmospheres.
The melts, which were contained in tantalum crucibles, were heated inductively. Seed
rods were of tantalum or graphite.

The experiments failed to yield sound, coherent ingots. In all experiments,
heavy deposits which formed on the crystal puller wall seriously hampered the work;
this was most severe in the attempted pull of GdzTe 3 in tellurium vapor. In the case of
the Gd-Te compounds, a crust which interfered with the crystal-growth process formed
on the surface of the melt. This crust appeared to be formed of loosely bonded parti-
cles of materials or phases which were higher melting than the main portion of the
chaige. Loss of tellurium frorn the surface layers or the presence of high concentra-
tions of impurities could account for the crust formation. In view of the generally dis-
couraging results of the experiments, no analyses were made to check this.

In experiments with the Nd-Te compounds, "clean" melt surfaces were obtained,
and it was possible to crystallize short, irregularly shaped ingots. However, in both
systems (Gd-Te arid Nd-Te), the material seemed to melt and freeze over a range of

10
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tinj.,er,,tures_ rather than at a disc•'ete nielting point. As a result, large portions of

thuL piý.I.d i.i rfl sr trrelritiy rernelted and dropped awkay from the ingot back into the

ZnicI-, because. t,! thl. nU sizable ingots or crystais were obtained. Deviations fronk a

'&:.A* iit..- 4 ui_ cry~tai growth tinatiy was abandoned.

Growth By Vapor Deposition

Exp, rilnenrts o• tht low-temperature vapor-phase growth of crystals of Gd 2 Te3

a,d Nd T(A s;ia'v 6cen moderately succe-ssful. Sizable crystals of GdTe2 and small
i.-tadiclike crystals of Gd 2 Te 3 oi good physical quality have been prepared by the vapor

iI til, vapor--gro%\th uork, the sealed-system method has been utilized. Speci-

(,i rit t-e.irth teliuride plus a small quantity of elemental halogen (12) or a source

oýf 11,1l,,it'11 (c. g. , N!1 4 1, NII 4 C1) were sealed in evacuated quartz tubes. Alternatively,

cienets • n tht, proper proportions to yield rare-earth tellurides were used as starting

iýr;ýcrials. The tmajority of týie experinients to be discussed were of this type. In these
c.,,••,. the standard procedure for low-temperature vapor-solid reactions was used to
fe;rin the comrpound prior to the vapor-growth run. Two bases were used for addition

;A •ic h~vl,u.rn: chdrge,-s Aere niade up to correspond to initial compositions of the types

(I) x REZTc + y REX3, or (2) x REjTe 3 + y X 2 . As is indicated in Table 5, various

.,ý,ncent rations of halogen, corresponding to those required for reaction with I to 20

"dtonic per cent of the rare-earth metal present to form REX 3 , were used in both types

0i !dditions. Vipor growth was carried out by placing the sample tube in a tempera-

tuit- gradient. Maximum tempe'rature was varied betwteen 820 and 1045 C. Minimum

t•iniperature was var i d between -Z00 and 910 C. Vapor-growth time ranged from 39 to
ýlw hours, and both h(,rizontal and vertical systems were used. In the vertical furnace,

a tcnipt-r;pt-iirc ie r.,ion was used. i.e e, the higher temperature was at the bottom and
the, ( o, er te•mpurat nrc at the top of the tube.

Small acicular crystals of the GdIe 3 phase, -0. 5 mrnm across and up to 5-mm
loni,. were gr(owr bt use of charges containing low concentrations of halogen (i. e. , on

thc basis of Gdl 3 formation, equivalent to 5 atomic per cent of the gadolinium metal
present), as is indicated in the data for Experiments 37, 56, 39 (Table 5). Although the
crys~tals were small, results of X-ray diffraction analyses indicated that they were of
good physical quality. Single-crystal X-ray diffraction patterns obtained with them were
rnuch sharper than those previously obtained with material crystallized from the melt.
A- a res'ult, it %as possLble to index structure of the Gd 2 Te 3 phase (orthorhombic with
unit cell constants a z 11.83 A, b = 12, 01 A, c = 4. 28 A). The c-axis was found to be
parallel to the needle axis in the vapor-grown crystals.

Fairly large platelets of GdTe 2 , up to -5 mm by 5 mm by 3 mm thick as shown in
tl2Lire 3, wer" grown by use of charges contaiiiing higher concentrations of halogen

0, c. , on the basis of Gd1 3 formation equivalent to > 5 atomic per cent of the gatiolinum
ituital present; see Expvriments 56, 57, 41 in Table 5). Physical quality of these
crysta,. also iippeared to be good. Several of the crystals were large enough to yield

lizigle-crystal Hall specmiens. Comparison of results of electrical measurements on

I f I. " i t iS . Hik 131- lr P arc said to ! a " C a ' i -hfort - a UPC.
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melt-grown and VaPoI-,groWnGdTt i sev Tabiz 13 in section on "Electrical PropertAe")
indicates that the latter material is of better quality also. Measurable Hall effect and
carrier mobility were obserd oi M ..

JJ

I NCHES111111Ij

FIGURE 3. VAPOR-GROWN SINGLE CRYSTALS
OF GdT'ez

Significant rate-5 of crystal growth were obtained in vertical, but not in horizontal
systems, presumably biecause conditions are more favorable for convection currents
(and materla1 transport therein) in the formter case. Run times in excess of Z0 hours
were required to obtain significant amounts of crystal growth. When excess iodine was
added, as in the first group of experiments in Table 5, appreciable concentrations of
free tellurium were present (e.g. , 312 + Gd 2 Te 3 - ZGdI3 + 3/2 Te ) and the higher
tellurides, GdTeZ and GdTe 4 , tended to form readily. For cxample, high cunc(lntration,
of GdTe 4 , which is bronze colored and therefore readily identified, were present in the
feed stocks of Experiments 46 and 54 following the runs. No appreciable vapor trans-
port was obtained in cases in which ammonium halides were used.

Appearance and characteristics of the residual feed stocks, particularly for
charges containing the higher concentrations of halide or halogen, suggested that halidc-
telluride solid solutions may have formed gradually, thus reducing activity Vf th4i halide
and hence its effectiveness as a vapor-transport agent. Homogeneous-appearing, soft,
brown crystalline masses (in contrast to the hard, metallic gray or black of the Gd 2 Te 3
and GdTeZ phases) formed, which, when heated strongly with a torch in vacuum, disso-
ciated into (clear) Gdl 3 and dark (Gd-Te) phases.

Although the data presented in Table 5 do not clearly so indicate, best results
were obtained with charges of presynthesized compound and with the lower concen-
trations of halogen.
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fht: 1,iathod appeart to Ue piort ica a ij u-, ,, io_- the pieparation o0 polysvlcildt.

thi prt.parition 0l other COMpouiads Isla) ,i,,t b- v pact;cal.

G r o t,% t . t .i: f, ni~

Explnrawoiý expei iiui iid s &in thc v s-.'wi th ~i cry-tals 01 the sesquiteliurides tron.

QYLýa V-ý' Lt:i.Lid ; UIAI- A i. ~ L.~ 1*ia Aciiur~u. %%as foonO to b.- s*Aittkle in hr
awhý drou:5 halid,,:-. GdCI3 a1,d Gd13, vwi-ch wert- st-1 cted as tokvents. Ho-. ever.

il .L. I llj ti.i - plo rat i\ dxr , . S".: •it-n 0 GdH°0'e3 \v,,.s piact d in a ql~iin-
tit> Il , drjuii Ocx. in,_eltinu po tnt. r, I' G). -,tt: ternperature was raised to .-titect
.•,,tt I ,,ll th.en 5 I. , e-,.-d ,,auti! c - i tt i i .i U -L o•curred. As tilt, tenipt ratur - \a l t -

crcZa1d (to 'oP0 (;I, tlu GdCTe`3 dibs-olx d and tu l-urium vapo r appeared in the frcc spacC,
,te,ý t.i mhlt In the (:-aled quartz t A:. -t hth ,ohutioi• was cooled, very small dark,
nuediclike crystals wtere precipitated. Thezc mtere found by X-ray analysis to be
t-r- sta Is oi tije GdTte, phase. Sinc,2 the tipe ratire- coliposition studies hac shown
ti.±t l•,-'riatioi ol the duýir,-d )riC-oi i i u useAd beat higjhvr temptra

. 01( 3 (±*.c iting point, ')2o C) \, • . .d a s 1 h s,,ivent in subsequent expe rinen-,t-.

Experini.nts XNith Gd1 3 as the s )Ivt-nt v. ere ran in both horizontal and vL rtical
s,, stein o. A ý, uitiLit of 11 2 oiL pc r ceit Gd ITv c in Gd1 3 wvas directionally froze n at a
Iiiicar rate ,f 1 /4 inch per houl," ii. a hut', r iontai qu•irtz tube. A ,olution ol 30 mole f-cr
cent Gd/It 3 in GadIj Nas crystaliized w,- L, itidgnon drop (vertical) at a rate of l/16
inch per hour. Bt;c~h expcriitents ieldcd snlilar polycrystalline inigots wvhich. by
11,rdla-S cLheeks, .. •- ired to bh uniftorn along tLeier length, indicating that littlh or no

prec.pit.ation or Scgl .ation of Go Te 3 iad oczurred. The materials. sirn.lar in
a)ppearance to, thc r- sdlual fcecd .tocks tromn vapor-grov~th experiments, again sugge st
that t: lI.iride-halide s6olid soa4,t ir:s probaW,.N ,%ere ior wedi.

STR{UCT URE AND PHASE RELATIONSHIPS

ii- the course of studites directed tv.,.ard uud; rstanding and control of the elctrical
properti'te ol rare-varth compom.Tnd., somt stIA.dy has been made of cry stalline phases
and phasei-te mperature-conposi mom; r lat ,,,.,p= in the s, steiri involved In order to
discern more ge-neral relat-onhmips iAn,,•IL t0 con,,Positions. crystal- structure data.
and elvctrica] properties, literature d. ii• t, ve liwc consid,.red as well.

I)ata oritained in th. course or t,,t v ,,iJj (Cm me u)t -|icv h arc presented in F3 ,.irts .1
and 5) indicittu that there art, typlcd ll. l u ur k:rý stal l uv plhasc.s in the birilar,

systvrils comitaij1.oZ a (iiG.mp VI lehment sii•,h i,, -. i1l~in or tellurlim . I nese are:
(1) a high-I-lmelti n g N.:IXCl d, (2)) , M 3X4-M;X phase vi ich persists throuLgh The

,i -n~d I nf -1
c nlt0,it~iof i 1 nd.ca,,, , n amm'i 4) sj-.ri cmi~mmpumrds contISiuiz imighn.r i I j,-,(Ii1 rati~os ot rin:tallnid, Ž•ach .5s Gdlmz Amd (util•4
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FIGURE 4. DATA FOR THE Gd-Te SYSTEM
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.. .pCJr.ýd tL" be the highest-melting phase in the syste m. The data on the Gd-Te systen
(kigury 4) indicate that a phase boundary, extending from Gd to Gd 3 Te 4  a exist at a
temperature between 800 and 1000 C; its exact location on the temperature scale has
not been determined. However, it has been noted that if a powdered mixture of equi-
atImic proportions of gadolinium and tellurium is held at 800 C, two phases, gadolinium
.Aiid the Gd 3T` 4 phaise, are tormed which persist evrin after several hundred hours at
temperature. On the other hand, in less than 6 hours at 1300 G, reaction is complete
aLd single-phase GdTe powder is obtained. It is believed that this type of behavior is
gvnerl, and that high-temperature treatment is necessary in the preparation of the rare-
e,-rth nonosevenides and monotellurides.

Monoselenides and Monotellurides

The monuselenides and monotellurides (MX) crystallize in the face-centered
cubic, NaGl-type structure with cell sizes as indicated in Figure 6. The open data
pou•ixs are from Reference 3. The relatively large unit cell sizes for the samarium
and ytterbium compounds indicate that, in these compounds, the divalent ions of the
rare-esrth metals dominate. A similar situation would be expected for the europium
compound, since europium also exhibits a high stability in the +2 state, while the
ti;,iller cell parameters for NdTe, GdSe, and GdTe suggest that the rare-earth
elements are present essentially as the +3 ion in these latter compounds.

In Figure 7, cell-size data, which are plotted for several sets of alloys of rare-
earth nionoselenides, show that cell size does not deviate significantly from Vegaard's
law in the composition ranges studied. In the SmSe-NdSe system, in which both com-
pounds exhibit n-type electrical conduction, the cell size is seen to change gradually
from the high value for the samarium compound to the low value for the neodymium
compound. In the YbSc-NdSe system the trend is seen to be similar; however, the
effect of the lantdanide contraction in going from SmSe to YbSe also is apparent in the
graphical data, and the range of cell sizes is much less in the latter system. (The
electrical properties mentioned in this paragraph are discussed in greater detail in a
subsequent section.)

M3X4-M.ZX3 Phases

The electrical properties most nearly resembling those of typical semiconductors
were observed for compositions in the range M 3 X4 -M 2 X 3 , where M is a rare-earth
element which normally exhibits a tripositive oxidation state, and X is selenium or
tellurium. Consequently, some study was made of these materials to develop some
measure of understanding of the interrelation between their physical and chemical
properties.
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Thi- Thorium Phosphide Structure

" The bod)--centered cubic, Th 3P4-t-pe (D73) structure has usually been obs, rvtd
to preva•i across the M3X4-MZX3.compoSitiu' ra9ge in the subject systems in which
M is a rare-earth element and X is sulfur, selenium, or tellurium. Available data on,
lattice constants for these compositions are presented in Table 6,

if it ib Lbsumv4 that all metal-mc-taiioid bonda are equivalent in the crystais ol
the a•are-earth compounds, metal-nietalloid ansd •ntailoid- metalloid internuclear
dist anues can bc calculated from the lattice Q•nitanui. Thebe d&LA are gpven-n
Table 7.

A, first indication of the nature ot the clwxnical bonding in the subject cryiitalliac
ph±s es can be obtained by courpaa ring tht: bans ,f the ionic anid covalent radii of the
appropriate elements with the observed internuclear spacings (Table 6). It is apprrent
from such a comparison that, even though some uncertainty may exist concerning the
radius values and further uncertainty man result iromn the assu:nption of equivalent
bonds (Ref. 9) the bonding mnust be neither purely ionic nor purely covalent. Speciticilx,
it can be noted that the metal-plus-rnetolloid radius sums are less than the observed
internuclear distances in all compositions for both the ionic and covalent cases. It is
probable then that the cell sizes are determined by the anion-anion internuclear
distanct s. From the radius data for the metalloids it appears that, if the bonding %Nvrc
purely covalent, the cell dimensions would be smaller than observed. On tie other
hand, if the bonding were purely ionic, the unit cells would be larger than observed, a:
can be seen from the data given. One is then led to the conclusion that the chemical
bonding in the materials is partially ionic and partially covalent in character. Pre-
viously reported (Refs. 3,9, 10) observations on structures of individual compounds
in these systems and on transport properties are consistent with this conclusion.

An estimate of the covalent contribution to the bonding can be obtained in the
ioliowing way. It is assumed that (I) anion-anion contacts prevail in the crystals.
(2) all metal-metalloid bonds are equivalent, and (3) the degree of covalent (or ionic)
character of the bcnd varies linearly with the apparent radius of the metalloid between
,he ionic and covalent values. The apparent radius of the metalloid element in the
crystal is then just half of the i. tetalloid-n-ietalloid internuclear distance calculated from
the cell constant. The covalent contribution to the bonding can be calculated from the
apparent radius values, which are given in Table 7, by utilizing the relationship:

(rx Ion - r 5  a,•,)x. 100

rx iorn rx coy

in which r. ion. rx coy, and rx app are the ionic, covalent, and apparent nietalloid
radii, respectively. The absolute values of the covalent contributions, so obtained, viil
depend upon the radius values used. Since the tetrahedral covalent radii of the metalloid
elements were employed, the estimates of the covalent contributions given here
(Table 7) are thought to represent lower liniits. It is probable that the octahedral
covalent radii of the metalloids (which must be considered since GN = 6 for the metalloid
elements in the Th 3P4-type structure) ,Aill be sonii-eihat greater than the tetrahedral
radii for the respective elements. For example, in selenlu±n ., i±s likely that th" 4d
orbitals may be utilized in the octahedral (covalent) bonds, thus increasing apparent
radius of the metalloid. It has, in fact, been notted (Ref. 8) that the octahedral radii ti
SeIV and TeIV are -23 per cent greater thin the tetrahedral radii of the respective
eleument*. (Ref. 8).
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TABLE Z. CRYSTAL-sTRUCTURE DATA ON &13 X4 . N12 X3 COMJOSITIONS

(DCC. D73. ThP 4 Typ•)

S1-X Dishwacc. A X-.X Dnan~ce, A
',:al •:date,. .d

Obscri d I x(b) Obserwed _'__b)

Sa3p4  $.o 3 3.021 • . 'u 2.73 3.'4 3.68 2.08

Ce 3 S4  SC•2• 3 2. JS 2.87 2.63 3.234
PISI • i 3 2. 03 "2'. Wi ,.C 3.;222

Sqt3S1  $. 5%5 3 2.361 2. 80 2.70 3. 209
E , .37 ; 2. 354 ,2.•74 2.63 3. 2I2

8.727 3 3.013 2.30 2.73 3. 272
Cc:• .;3• 3 2,.•• 2.r 7

, 2. U.J 3. 236

K.-> K- '<-3 - 2. '1 -'..-) *2.6 3."12J

•il 5 13 •.4 1z 3 2.323 2.nO 2.70 3.16;
f-s,3 4.41 3 2. 312 6...7 2.84 3. 156

_ .1. 302 2.78 2'.65 3. 145

S,.u2-+ 3 2.861 2.75 2.63 3.110

La3"4 3 3.1315 3.04 2.83 3.395 3. iS 2.28
Cc 3 Sc 4  8. *:23 3.104 3.01 2.7) 3.386
ill S. 27 3 3.084 2.3 2.73 3.34)

3''43 3.065 2."4 2. 7•8 3.83-
,. .5 •3 3.06 2. 54 2.0O 3.32

d.-. 71 3. 024 2.32 2.75 3.264

La.2Sc 3  1.05 3.13 3.04 2. 83 3.33
Cc:1,sv 3  S. 46 3. ]3 3. 0l 2.73 3.36
Nd.,Scj 8.85 3.06 2. )8 2.78 3.32
srnmSe3  F. "85 3 3.040 2.34 2.80 3.294
Gd.-Se 3  K. 72 4 3.02 2.492 2.75 3.27

Ce'3eC 4  J.466 3 3. 303 3.24 21 3.587 4.42 2.64
Nd3Te4 3.4557 3. 27z 3.21 2.363 3. 546

Laj.cj C.:2 3.33 3. *.l7 3. c1 3.61
C2Te3  4.1 3.30 3.24 2. )7 3.58

Nd.TC3  J, 43iO J.. s66 3. 21 2.16 3. 53
Sm ,..3 2i.4•(') t52w 3.17 2.38 3..56

(a) ollv|,'c:•d ,aw:-a 'i~c m f lur hi, woik

(b) Radii ak.o IhrnM ,arzouý so: L, IN1 onti (R'f. 0); ,I and fy covaleut (Ref. 7); tX tonic (R..f. 8).

(C) 'pcc n1111 .'r11 t aicd , mMor A .ltst'ond., ,, phase.



TABLE 7. CALCULATED COVALENT CHARACTER OF BONDINC

Calculated Calcalatwd
Per Cent Per Cent

Appart:-n Covalnt Apparent Covalnt

C(or.W;Itlon rX' A Bond Charactv;(d) Conmpownion rX. A Bond Ciaracter(a)

L4 3 S 4  i.3 3 LS&3 1.7- 33
Ct3S4 1. 61 7 • . 5 1eje . 68 3 6.

FIJ54 1.611 28.6 Nd-Se 3  1.66 3s
34 30 Sln•c-,:3 1, 147 3

SM,3 •4 1.6u4 30 G -S,: 1.64 4v.5

Eu 3 S 4  1.601 30

La S 3  1.636 5 Nd3,2 4  1.773 4?

C.1.,S. 1 27.1
pf'63 1.61": 263.6 La.jT Q3 1. •046

S 1. 59$ 30 Cc-Te3  I. -. 4
511'.3 1. 5b4 31. 5 Nd,,Te3, 1. 704L-

EU.2 S3  1. 57a 3.2. 5 Sm.2Te 3 (b) 1. 76 4

6d 2 S3  1. 5•12 33.8

Dy2 S3  1. 5-3 35

La3 Se 4  1.6is 33
Ce 3 Se4  1.693 34.6

Pr3 Se 4  1.,674 37

Nd 3 SeC4  L.661 38

Sm 3 Se4  1.66 36

Gd3 Se4  1.634 41.7

(rX ion - r. apP 100
(a) Lt cov =

'x ion - rX Cov

(b) Two-phase specinen.
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Although the absolute values-of the covalent contribitions will depend upon the
.radius values used, the relative magnitudes will not. Hence. an lysis of trends in thev
ft-,nit5 sould be vaihd. -f-t• cal.culated vaiues o- the degree 3f covalent bond character
(Table 7) shuvW, In general, the expected trends. The covalent contribution is least in

g1wven series, as the rare-earth component trends toward ccrease in sizc (e.g. , in
h 4nn8 trOut La4S3-Dy•,S3), the calculated covalent contrib," )n increases, as might be
expected from consideration of other general principles wi., h apply.

No duic reict- utw,-n V4iULS, and trend.s in the values, for the two compositions
(NM X4 and M 2 X3 ) i- .app`azrt in the tabuiated vilues of tne covalent contribution. How-
t.,I.r, a pi,t of thu fraction of covalent bond character against atomic number (Figure 8)
rt-v-,ei th;att v hxle the curves for the MX 4 sufi1den and 8elenides do not deviate
seriously from a monftonic ilncrease, the curves for the M3X4 compositions tend to
i Ait •,li r •,jt-irrtuirt ,.Jd curor.uzi. The degree of covalent ciha.racter in the bonding

C'4 the cmp.uI.nds or c(iuipc,.itionii containing these elements may remain low because of
tnw tendency it the'se" rare-earth elemnents (sari.ariurn and europium) to acnieve the

•Ie.ct ro-copicaily stable 4f' electronic configuration (Ref. 11), and thus to hold closely
-it c'rm •} vitcbi might otnerk i.se contrib-ite to covalent bonding.

Relationship of Structure to Electrical Properties

Tie .,bsi- rvatii.)ns regarding the nature of the chemical bonding in these rare-earth
stiil~e, scictdch, and telluride: pnases (ThOjP4 type' also are, in general, consistent
wtith or., rved electrical prope rties of the niatcr~als. Observed carrier •nobllitieb for
thic Tn3H4 pita se of the sulfides and selenides have been very small - of the order of
niag•itudck of thosu ixpe(cteti for solids in v.-ich highly polar bonding prevails. It has,
In tact, been sugcx..tei 'hat electrical conduction in ne sulfides can be characterized
in terin, of a hopping rnechanisun (Ref. 10) or a polaron model (Ref. 12), both of which
iply loc.liod charge--s. On the other Ltn~d, apprecia carrier mobilities, suggesting
suurlarity to the covalently bonded broad-band semiconouctors, have been observed for
c rta in ot the rare-earth telluride5 .vhich, although falling within the subject composi-
tion ritnut'c, exhbit ; somewhat different strutture. Highest observed carrier mobilities
niave býeen for 'dlTt- 3, icr which the covalent contribution to the bonding, as calculated,

,ould i•e'tn to be approaching 50 per cent. In addition, Battelle has, in its labora-
tories, been able to prepare both n- and p-type specimens (single-phase material) of
oly Nd 2 Tre 3 and Gd 2 Te 3 in the subject class of compositions.

The (,tdoli•i.urn Telluride Structure

Along %ith the observed change in character of the electrical properties, a change
In crystal-structure type also has been noted. As is illustrated in Figure 9, the

"Tt3P4-typc structure has not been obtained in speciniens of GdzTe 3 , Gd 3 Te 4 , or these
$-4 r•nd 1-3) selenldes and tellurides of toe listed rare-earth elements beyond gadolin-

tu1rni in ttie series. The method of preparation, which has been described previously,
vits sinatalr :n all cases, (with the exception, as noted below, of that employed for
l)yZSe ). Quetnching in air from temperatures near the melting points %as involved,
this imihtk~ni; it unlikely that the transfcrniation to a low-temperature phase occurred.

e'4
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II addition, a large numrler-of *pecirnezi u-t Gd, 'a j i and Gd 3 'i e4 have been prepared.

patterns obtaisa'd on single crystals grown by vapor deposition. It appears to be related

"tdspiazrýement of atoms and a transfcrriatior1 of axis: unit cell volumnes are the Salme.
The coimipositionl Ilmits of t!ih structure appear tu be near thie Gdj!Te 3 composltion On
the tellurium- rich side. Specimens fromn Gd3Te4 synthetic compositions occasionally
vwere observed to contain traces of tihe Icc GdTe pnase. while those from Gd2TC3
shtft~ittic C ipomn. •.tiu tu•lotten Couitu .ih d trL',-v .u" tihe itttragonal C dTe . pha-e-. in ttht

1.tttt' ± u3sv' U1iaton UiIXe oZIi-- 2 t Of p1 t; pi c-It- CtrLda 4SiIC&ti Llii)tii

appe.arance of the second Gd1'e 2 ptiasc. H-uevt r, single-phase (urthurhombic) p-type
Spicifnlens were obtained, and it ith relore Lor1,iLdud that the limit uf "tability oI tile

Gdc'I'e 3 phase is probably at slightly higher teilu'rium concent rations - i.e., slight
coij,._i itratioi,: () eXýV.:es tilLr•tiln eal. bLa diýsl'Wlved .r, tne solid -irttiorhtilouic pjiatC.

A strticture, -s,•-ia. r to that of gadcliziurn telluridch was obtained in NdjcTj b' hieat
treating sppecimens in vcuto) or Z hours at 1000 C. Although the cell parameters la'e
not beeii dete ruttned accurately, the X-ray ditfraction patterns indicate that tet.
structure is orthorhoinbic, %,ith the cell being slightly larger than that for Gd 4 Te 3 . As
is shoen i n Figure 9, an ortihorhomnbic MtrLcturc has also been observed for UDzSe3.
However, the possibility that this is a lo'w-teiliperature phase cannot be ruled out in this
instance, since the single-crystal specienu ".-as prepared by use of a cheniicai reaction
at 900 C. Tht- tendenc', fur specimens ,f the u rlnuiun aind ytterbiumn Corn pounds to be
polyphasýe also strongly suggtests that the Tih3P4-type structure may not be stable in thie
selenidea aind tellurides of heavier rare-earth elenients.

The Grystal-Structure Transition

Ihe apparent lwi:,at of stability of the. ThiP4-type structure cannot be explained on
the basis of limits of stability for the packing (i. e. . a radius- ratio limit). As ha.ts been
shown, mctalloid-metalloid contacts probably prevail throughout the series of com-
positions. Therefore, the changing cell size vithin a given series indicates that con-
sideration of the packing of fixed-size "hard-sphere" anions does not apply. The radius
ratios normally apply only if the materials are pr'dominantly ionic. They were,
nevertheless, calculated for the subject compositions, utilizing ionic, covalent, and
apparent radii. The results show no trends tovard pertinent limits of stability of the
coordination polyhedra in any of the cases. On the other hand, it is seen from the
analysis presented of the nature of the chemical bonding in the materials that an
appreciable degree of covalent character might be expected in the bonding in selenides
and tellurides of rare-earth elements ne,:ar the end of the series. It is hypothesized
that the observed change in crystal strucit.re iz brought about by the increasing degree•
of covalency of the bonding which, due to the directional character of the covalent
bonding orbitals, calls for a change in coordinatiun.

Froin first exam•ination it "ould appear that the coordination which prevail-, in the
Th 3 P 4 -t pe structure could also prevail in situations which call for predominantly
covalent bonding. Stable arrangements mnight bt the sp 3 d' configuration for the
octahedral bond orbitals of tii. mnettalloid, iund o sugge -l c j 3"d 4 6sl coigirat i n tcr

the required dodecahedral rare-earth .rit, Is.i • it lev.r, X. ray diffractior data ±n-
dicate an approxiniately Z; per cent mlirc-.se. I.II deiisit. in coing from the Th 3 P4 to tih
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,,*0A(,,jb-i,, ic structur.. This suggests that the dodecahedral arrangement of the
t, , L~t;•l•, nucluc i around the rare earth (in which the rare earth is an oversized "cage")

it- *-•iigo r pre-.ails, but may be replaced by an arrangement in which metal-metalloid
S,,,)rdinatIL1, IS tower. Evaluation of the hypothesis does not appear to be possible with

m:itorn 1'LtIt,,i avai-labd at the present time. Additional data on the specific crystal
dtrotft,.rcs involved and comprehensive examination of possible covalent bonding con-

t-,,iratitti~S will be required.

Alluyo

Gryýstal-structure data were obtained also on some alloys which crystallized in
thl 1'hý1.;.-type, structure. Data for the alloys in which SrSe was substituted for CeSe
In the base conmpositiun, Ce 3Se4, are shown in Table 8. As can be noted, the structure
rt'a1ins Th 3 RP-type thrcugh the alloy composition range studied, and the unit-cell size
incr-:isc. se!i.ýhtly a-," the SrSe concentration increases. The change is slight, however,
,,d the trend is consistent with the data presented in the preceding discussion, which
shov.•s a gradual increase in cell size as size of the species of the metallic element
prest-nt is increased.

TABLE 8. CRYSTAL-STRUCTURE DATA ON
SrxCe3-xSe4 ALLOYS

Synthetic Lattice Parameter,
Composition Crystal Structure ao, A

Ce 3 Se 4  Bcc, Th 3 P4 type 8. 973

Srt. 3 5C('-, .)Se4 Ditto 8.98

Sr 0o.75CeZ 15 Se 4  " 9. 0404

SrCeZSe 4  " 9.0998

Other Selenides and Tellurides

As is indicated in Figures 4 and 5, compounds containing higher concentrations of
the mnetalloid tend to crystallize in structures of lower symmetry. The GdTe 2 structure,
for example, is tetragonal, with a = 9. 10 A, c = 9. 30 A. The structure apparently
contains 8 formula units per unit cell; density calculated from X-ray data on this basis
was 6.8 g/cm 3 , which agrees well with the roughly measured density of 6. 7.

CeSe., which was prepared by melting and casting material with composition near
CeSc2 in an atmosphere of selenium vapor, was found to have a tetragonal structure
with ao = 8. 40, c/a = 1. 005. The ,eSeZ differed somewhat from the GdTeZ, and other
tetraigonal structures reported for rare-earth selenides and tellurides, with respect to
the atomn arrangements.

28
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PURITY OF STARTINUL MATERIALS

In general, the standard grades of rare-carth metals readily available fronm
commercial sources were utilized. In several cases, however, sonie further purifi-
cation of the metals was accomplished.

As can be seen in Table 9, where data on suppliers! typical analyses and
analyses of the specific lots of metals utilized are tabulate"a, purity of the standard
grade of rare-earth metals is low f99+76), relative to the .,Asu1 atanrards for electronic
meterial. In metals as reactive as the rare earths, one might tend to be concerned
first about the concentrations of oxygen and other gaseou.s inpuritiesi. It can be rioted
thkit oxygen concentrations are, indeed, high. lIowever, the concentrations of several
of the metallic inmpurities {e. g. , tantaluin, calcium, iron. and copper) are of coin-
parable magnitude, indicating that the importance of oxygen as an impurity in the corn-
p,?unds may not surpass that of any one of several rnetallic elements.

As is shown in the first three entrie6 in Table 10, significant purification of
samariuni metal was achieved by vacuum distilling the metal and condensing the product
at a temperature below its melting point (work done in the course of this project). Con-
centrations of the metallic impurities calcium, magnesium, and molybdenum were
sharply reduced by the process. However, no difference %%as detected bet%%een tile
electrical properties of SmAs prepared from the as-received metal, and tnose of SmAs
prepared from the purified metal. On the other hand, differences were noted betwceen
the electrical properties of Nd 2 Te 3 specimens prepared fromndfferent lots of neodym-

ium metal: Nd-I and Nd-IT (see Table 10). The specimens prepared from Nd-I metal
were consistently p-type, presumably because of the calcium and/or tantalum present,
whereas the specimens containing Nd-II metal were consistently n-type.

The selenium, ttllurium, arsenic, and antimony used to synthesize the com-
pounds were of higher purity (at least 99. 99+ 0) than the rare-earth metals. The con-
tribution of charge carriers from these sources is, therefore, believed to be negligible
with respect to (1) those from impurities present in the rare-earth elements, (2) those
from impurities introduced in the course of synthesis of the compounds, and (3) those
arising as results of deviations from stoichiometry.

ELECTRICAL PROPERTIES

Electrical measurements were made on specimens cut or cleaved from the vari-
ous ingots. Parailelepipeds were shaped by lapping the specimens with 600-grit SiC
paper. Both the cutting and lapping were done in a dry state since the compounds, in
general, tend to hydrolyze. Ohmic contacts were made by applying indium solder with
an ultrasonic tool.

The apparatus used for high-ternpe-ature (to 1300 K) resistivity and 6Seebeck
coefficient measurements utilized spring-loaded pressure contacts. The specnimns
.,c.re held between platinum end plates which served as sample-current contacts.
Platinum- platinum 10 per cent rhodium thermocouples, or Chromel-Alumel

ý9
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TABLE 9. TYPICAL ANALYSES OF RARE-EAITH hiETALSW(&

IipurIty ConcenEt1aiOnS, ppm,
l:•'•p~lIIn 1 twical W-d Metal

ic •Ce- NJ gm Gd [•Yb

Ta -- 0o011 800-1.(Xi . Lo-it" -300 ~220Q 1000
- .C I I 2(0-bw 2.,jo-600 100-1000 -'100 1000-2000 10U-1000

MIg 300-11,0•3 1 100 10-10.000 .- 100

fe M1_3000 200-5-4 -- 30t- - - 300

NI -- - 100 - 200 -1000 -1000 400-1000

Cu -- -2000 -~100 ~100 -- 10

Al -- -500 -0 loo.

"S1 -100 -100 "-100 ....

('thei

r•re-eartrh

ekhriInts y 00f- 250 200-1000 '-700 -2000(Tm) - 1000

02 600-2000 1000-2000 500-2500 1000-2800 -1200 --

N2  50 .... 20 ...

3a30-8500 5250-70S0 1700-64000) 4300-6100 7400-8400 2900-440o

(a) Rtsults derived from suppliers' tpical analyses and analyses of specific lots utiliz•d are given. Ranges of impurity

wuncentrations given reflect variation of values from sample to sample, lot to lot, and supplier to supplier for the subject

metal.
(b) Excluding magnesium.

TABLE 10. RESULTS CF SPECTROGRAPHIC ANALYSES OF SELECTED SPECIMENS OF RARE-EARTH METALS

Impurity Elements Detected, ppm by w.eight
Total

Matertal Ca Mg St Ni Fe Mn Cus Al 02 Mo Ta Detected

,i. as received So0 '-10.000 5 -- 5 20 10 CO - 2001 -](4 - 1 2 , 0 0 C(a)

"-km. distilled.

condensed as liquid 10 5 10 -- 10 50 100 <10 -- 20 <1105 205(a)

,ml. redilstilled,

wridensed as solid 113 10 to - 20 10 50 10 -- 10 <104 1 3 0 (a)

300) . .500 .. .. .. 1000 - - 80u 2,600

,d-ll Nw ND O . .. 600 .. .. .. 1000 -- NO 1.5'O

1) Excluding tantalum.
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tneiriocouplc-,1 were utilized as curret' t is a the,
" •|uos ot lE j tn9. Po-iot f.tacts il piatinum or Chromel were pressed against a

face of the specimen for resistivity- voltage nmeabrenients. All high-ternperatur.:

electrical measurements were made in vacuum at residual pressures in the range
I x 10-5 to I x 10-4 mm of Hg. This was found to be necessary in an early stag-V k?" the+
study of the selenides and tellurides. At preburt-- (ui air) greater than 10-4 n1, )i
fig, irreversible changes inl electrical tropcrt:ý iaT zpecimens, presumably resulting

trom oxidation of the materials, were observed to occur. At pressures less than
"-I0-4 mm of Hg, reproducible results %-ere obtained.

Moneleni&d-s and Monoteflurides

The rare-earth nionoselenides and monoteIlurides forni a famnily of refra4,;tory

ziatrials with interesting and potentially useful electrical properties. These com-
pounds all crystallize in a fcc NaCI structure and have melting points in the range
1700 to 2100 C. Table II shows the roam-teniperature resistivity of some of the nmono-
selenides and rnonotellurides which have been prepared.

TABLE 11. ELECTRICAL RESISTIVITY OF

REPRESENTATIVE RARE-
EARTH MONOSELENIDES AND
MONOTELLURIDES

Synthetic Resistivity at
Composition 25 C, ohm-cm

SmSe 2000
SmTe 2000
YbSe 100
YbTe 7000

CeSe I x 10"4

CeTe 2 x 10-4

NdSe 5 x 10-5
NdTe 4 x 10-5
GdSe 8 x 1O-5

GdTe 7 x 10-4

ErTe 1 x 10-4

In terms of their electrical properties, these materials fall into two general

classtes: one class which will. be referred to as T yp-. H consist,, of compounds of rd it.-
earth elements which normally exhibit a stablt dipositive oxidation state, such as
sain.ariuni and ytterbium; the other class %%hich % il1 be referred to as Type Ill ii-cludtn
comnpounds vi rare-earth elements uhich normally exhibit a tripositive oxidation stat-.
6ach as neodyniutin, gadoliniunm. and erbium. The Type Ii comnpounds exhibit r(,'-
latively high resistivities. large negative tcniperaturc coefficients of resistance
(netative TGR), and have low roon-temnperatur,' free-carrier concentrations (n'1 '
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1017/c," 3 . The Type Ill compounds exhibit very low' resistivities, positive TCRIM an
appear to be - . - . , w. _ P..

Figure 10 shows the temperature dependence of the electrical resistivity of various
SmSe specimens. This material is characterized as n-type with room-temperature
resistivity of about 2000 ohm-cm and carrier concentration of about 1i05icm3. Al-
though sample- having reisttvities "hich deviate from the more typical values in the
lov,.-ter~perature range can be prepired (e.g. , Specimens 15B and 55 in Figure 10),
the differences usually can be rationalized by pointing up obvious additions of impurities
or defects (e. g. , by deviation from stoichiowietry) in substantial amounts. Single-
crystal specimens exhibit electrical properties not materially different from those of
polycrys tallivie specin•i-ris.

HiAli data also indicate large temperature dependences suggesting a conduction
tniechianisti, involving the thermal activation of charge carriers. The fact that the high-
temperature electrical properties are the same for so many samples prepared under a
variety ol conditions (e. g., with both purified and as-received samarium, with both ex-
cesses and deficiencies of samarium, and with additions of chemical impurities)
suggests that the observed conductivity characteristics may be intrinsic to the material.
Saniiariurn In SmSe apparently shows a +2 oxidation state because the third normally
available valence electron tends to reside in a 4f level in an attempt to achieve a stable
half-ftlled 4f7 configuration (see Table I and Figure 6). Hence, the activation energy
for conduction giving rise to D a, e 0 - 36 ev/kT may be associated with an electron trans-
tiuon from a 4f level to a 5d or 6s conduction band. If classical semiconductor theory is
applied, the forbidden energy gap, Eg, is calculated to be about 0. 72 ev for SmSe, as
determined from the limiting slope in Figure 10.

In contrast to the n-type SmSe, the monoselenides and monotellurides of ytterbium
have exhibited hole conduction, presumably as a result of the presence of p-type irn-
purities or lattice dt fttcts behaving as acceptor sites. Figure 1I shows the tempera-
ture dependence of resistivity for p-type YbSe and YbTe specimens. The two YbSe
specimens have carrier concentrations on the order of 4 x 10 1 7 /cm 3 , with the hole
mobilities being on the order of 0. 3 cmn/volt-sec. Activation energies of 0. 17 ev and
0. 3 ev can be calculated from the data (i. , e 0 . 17/kT and pm e 0 - 3/kT in the range 300 to
500 K for YbSe Specimen 16B and YbTe Specimen 3, respectively, again assuming that
classical semiconductor theory is applicable. At higher temperatures, the data in-
dicate the posaihility of approach to an intrinsic-conduction range; however, a slope is
not well defined, and the specimen is still p-type at 1130 K (as determined from the
sign of the thermoelectric power).

In the case of the Type IIl compounds, such as NdSe and the monotellurides of
Nd, Gd. and Er, the above-described electron transition from a 4f level to a conducting
state appears to occur readily at all temperatures above 4 K. Itis noted that these rare-
earth elements normally exhibit only the +3 oxidation state. In contrast with the Type I1
compounds, these Type ILl compounds exhibit low room-temperature resistivities, in
the 10-5 to 10- 4 ohm-cm range, and positive temperature coefficients of resistance, as
is shown for GdTe in Figure 12. Also carrier concentrations in these materials, which
are all n-type, are apparently very large; estimates of the concentrations fall in the
range 1021 to 10 2 2 /cm 3 . The source of these carriers is believed to be the excess
valence electrons contributeel by the 2 x 10L1 rare-earth atoms per cm 3 in the lattice.
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Alloys made up of a compound containing a dipositive metal ion, along with one
-ra.-airmng a -trip4,itt-ve metal ion, have been prepared and are found to exhibit electrical
properties intermediate between those of the two binary compounds. Figure 13 shows
thejj Hall . .~ - . nir_ ý _Zu _-_w~d 1a 'W

ystLenm. At bamnariurn 2s replaced progressively with neodymium, the resistivity of the
resulting compositions decreases from about 103 to lO-S ohm-cm, with a precipitous
drop of 4 orders of magnitude occurring within a narrow range at about 11 to 13 mole
per cent NdSe. Carrier -oncentrations measured for alloys in the range 0 to 40 per
cent NdS., -dso urrdf:rgo an abrupt change at a composition co.itaining about 12 mole per

,. rdNd-•d•. sigest in tha, there are .,I IA:ant two distinct modes of conduction operating
in the alloy tystem. The Hall ooefficient value at 100 per cent NdSe is a calculated
'alue based on the concentration of neodymium atomk, assuming one co"ouct-on electron

per iiudymiumn atoni.

At low NdSe, concer..rations, one might expect each neodymium atom in the SmSe
]iiatrix to act as a donor impurity %hich is ionized at all temperatures. This is indeed
not the case as ill,4strated by the following exawple. At concentrations of 2 mole per
cunt NdSe, approximately 4 102() electrons/cm3 should be seen if the neodymium
utomns act as ionized donors. However, this alloy composition exhibits electrical
pr,,pertici essentially the same as those of pure SmSe, containing only about 1015
electrons/cm 3 . In fact, at alloy compositions of 16 per cent NdSe (or about 3 x 10Z2
neodymniuin atoirý /cm 3 ), orly about 1. 6 x 1020 electrons/cm 3 are found experimentally.
lIn view of the very low electron mobilitie- observed for these materials, it would not
!.w surpr sing to find that the mean free path for electrons xs so smali that standard
band theory does not apply.

Electrical Conduction in the SmSe-NdSe Alloys

Consideratior has been given to possible modes of electrical conduction in
p. -.eudobinary alloyb of the SrnSe-NdSe type. The nature, location, and cause of the
abrupt change in electrical properties with composition (see Figure 13) were the initial
subject.i for analysis.

It should be recalled that, since samarium normally exhibits a highly stable
dipositive oxidation state, in SmSe formal ionic valences are balanced (Sm+ 2 Se-i) and
low free -electron concentrations might be expected. On the other hand, neodymium
normally exhibits only a tripositive oxidation state. Nevertheless, it is reasonable to
expect that, in the compound NdSe, the bonding also will involve only two electrons,
leaving one loosely held electron associated with each formula unit or each neodymium
atom (Nd÷3S4 2+e") wh~cn is free to act as a charge carrier, ThLs it appears reason-
ab! to consider the neodymiurn atoms a source of charge carriers and to expect a
-orrelation between the carrier concentration and the concentration of neodymium
;,tA.o.s in the alloy.

The correlation between the two concentrations is not a direct one, however; the
n-t carrier concentrations are observed to be very much smaller than the concentrations
of wodý riiuir, atoms, as has been pointed out previously. In alloys containing less tharn

appro% iiuttely I1 I mohe per ce.Lt NdSe, the carrier concentrations are found to be leps
than 0.01 per ýenz of the neodyniuni-atom concentrations. For compositicns containing
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nmore than about 13 per cent NdSe, the net carrier concentrations are only 3+ per cent

of the neodymiuim-atom concentrations.

The foll-;wing hypothesis was advanced and examined as a possible explanation

for thf abrupt changes in electrical properties. Electrical conduction is presumed to
occur through irteractions involving the third, loosely held, valence electrons of the
rieodyrnium -tonis. It is further suggested that, above about 11 per cent NdSe,
ro.ro• -urn atorný which are close ernouglh to interact can form chains of significant

tkth; whert-as, b•-lo, about I 1 per ctent NdSe, the concentration of neodyinium atoms
iii long chains becoimies negligibly small compared to conduct-on electron concentrations
a;iUc atL- vith the SUISe InatrL".

A rou•h Zt-tistitca a"Iyiiysib was made to obtain an estimate of the concentration

A winich long chninns of neodymium atoms on nearest-neighbor sites mnight begin to form.

Tht- essentials of the statistical analysis, the results of which appear to affirm the
hiypothesized involvement of nearest-neighbor interactions in the conduction process,
ir. ks follows. Consider a cube of material containing Nf neodymium atoms and

N(1-f) samarium atoms (where f is the mole fraction of NdSe). The number of
neodymium atoms on one face of the cube is (Nf)4/3. If N is very large, the number,
NC, of chains of nearest-neighbor neodymium atoms beginning on this face of the cube
ind extending to the opposite face can be shown to be approximately:

N, = (Nf)q 3  "7- [I - (lf)(n-l ] 11)1
p=O

&here n is the number (12 in the NaGC structure) of cation nearest neighbors of a given

c:ation and in is the average number of neodymium nearest neighbors of each neodymium
Itom, We assume In to be equal to nf, and we ignore any interlocking of chains or any
"loop" formations. Equation (1) becomes

Ocr
Nc/(Nf) = 7T 1 - (1-f)ll(1zf)p M (2)

The function $' (f) is zero for 12f < I (i. e. , for in < 1), increases very rapidly as

-he composition is adjusted toward that at which ilL > l 'and approaches 1 for 1Zf >> 1.

Thus this analysis predicts an abrupt, almost discontinuous rise in the concentration of
i:cidymium atoms in long chains on nearest-neighbor cation sites at f = 1/12 = 0.0833.
if interactions between such atoms are involved in electrical trarsport, a similar, rapid

rise in conductivity would be predicted as the mole fraction of NdSe is increased through
4. 3 per cent and values just above. The 8. 3 per cent is, however, seen to be a lower
imit becduse loop formations and the interlocking of chains have not been taken into

iccount, and, in addition, no directional sclection has been imposed. Also, the rise
.n conductivity would be expected to occur at a slightly higher concentration than that
:or the inception of chair. formation.

The hypothesis was also evaluated by a second method. The statistical arrange-
nents of atoms in alloys wxere investigated by randomly placing representative
iaeodyiniun and samarium "atoms" into crystallographic models, varying both the alloy

-omposition and the size of the model, The formation of chains or strings of neodyrn-
iinri atoms in nearest-neighbor 3ites was noted as the models were randomly filled.
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associated with each neodyniiuni atom.

It is not possibltk, "ith thy preserot inadequate knowledge of band structure and

cnergy levels in these coi.poundb and alloys, to obtain corresponding corductic-n-

ch-ctron concent rations from the estiniatns ol e xcv s• vaiva ce-elcctron c nccnirations

iHoN.½v,.r, it was found that some information could be gaiiq-d abvul tht- condutiwn pro-

cess by treatintg the data on atom arrangernents in several ways and coipptring the:

r ult i i-th ouit~rved net .iree-ca-rrier -emcentrations.

Ii Lt is ,ui.ta taia thc equivalent ot one electron is contributed to thc con-

duction proce:ss bty each neodyiniumi atoim ill th• `.onducti. c hdns, the. n ttie caicuilited

carrier conct:ntrations (Curve A, Figure 14) are much higher than the experiunentatly
measured values (open circles in the figure).

In a second way of exarmining the data, it is assumed that the excess valence

electron initially associated with a neudyiiiunm atom is distributed such that the electron

densities between the atom and all nearest-neighbor cations. regardless of identity, are

the sante. That is, on the average, the electron density betwveen Nd-Nd nearest
neighbors is equal to that between Nd-Srn nearest neighbors. Thus, for analytical

purposes, the iraction of an excess valence electron considered to be occupying a given

coordination leg in the cation sublattice changes N•ith composition (i.e. , as identity of

the other 11 nearest neighbors of the atoms changes) as illustrated in Table l2. Note

that at high "free" electron concentrations (f = 1), both neodymium and samarium sho-

their lowest formal charges, as w-ould be expected. With this assumed distribution,
the concentration of excess valence electrons in Nd-Nd nearest-neighbor chains across

the models shows the type of variation with changing alloy composition that conduction-

electron concentration-, would be expected to display.

TABLE 12. ASSUMDI) I;SITRIBUTION OF V .LE'CE ELECTRONS IN CATION SUPLATTICE

Of SmSt-NdS: ALLOY

Fraction of(a) FCc,•ss Vilnc

Flectron Assoeiated With
Vole Fraction Nd-Nd or Nd-Sm Formal

0
') Charge ForniaI(c) Chargc

Ndsc, f Coordination Lg, \ :g. Nd. CNd on Sir C-Si

4 1/,, (3 €)
-, 4 ~ ~~~~1. " -t:';I-_/

a I . .-,-. /tfl• = Iof".= ' - :--•

111/

~a) lf \:, 12(14) =1-4/%1

01(I) Nd

(i,) F fSI -

$7
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lFurther, if these electron concentrativrs are normalized-
S"- - -- l--zuiyrwun Ion ,cetn fm or p••e NdSe ,the calculated values art

in good agreement with the measured carrier concentrations, betmeen 20 and 33 per
cent NdSe, as can be seen in Figure 14. Curve B is a composite of data from analysis
of the crystallographic rnodela- a 1/8-unit-cell model over the range 50 to 100 per

cent NdSe, a 1-unit-cell model over the range 31 to 100 per cent NdSe, a 27/8-anit-culi
nkodel lor 32 to 54 per cent NdSe, and an 8-unit-ccll inod-i for the 19 to 31 per c"-i-,t
NdSv composition range. For each of the models. Curve B was textended down to sonic-
what lower NdSe concentrations (dashed branches) by use of the approximation:

CZ C,
P 1

where P 1 is the probability of finding a chain across a certain model at a knoi.n concen-

tration C l and P 2 is the probability of getting a chain at a lower concentration CG,.

As can be seen, the carrier-concentration curves for the 1/8- and 1-unit-cell
models fall of at higher NdSe concentrations than do those for the 27/8- and 8-unit-
cell models. The trend indicates that if a much larger model were used, the abrupt
change in predicted carrier concentrations would occur at a lowýer NdSe concentration,
with the curve falling even nearer to the experimentally determined points.

Utilizing the crystal-model analysis, the effect of allowving next-nearest-neighbor

interactions along with the nearest-neighbor interactions was investigated. The results

do not agree with observed properties of the alloy specimens; predicted carrier concen-

tration., are several orders of magnitude higher than experimentally determined

concentrations.

Thus, the analyvýs indicate that, if the conduction process involves interactions
between neodymium atoms in chainlike arrays on nearest-neighbor cation sites, an

abrupt change in electrical properties would be expected to occur a:i the composition is
varied between a lower limit of about 8. 3 mole per cent NdSe, which is predicted by the
approximate statistical analysis, and an upper limit of about 16 mole per cent NdSe, as

determined by the crystal-model technique of analysis. This is in good agreement with
experimental observations which place the break at about 12 per cent NdSe. In addition,

as has been pointed out, both analytical techniques probably would predict transitions
for compositions closer to experimental 12 per cent composition if the techniques were
refined.

M 3 X 4 -M 2 X 3 Selenides and Tellurides

(Nd, Gd, and Cc)

Rare-earth selenide and telluride compositions ranging from M 2 X3 to M 3X4 , in
which the rare-earth element is one normally exhibiting a stable +3 oxidation state, have
been observed to have good thermal stability and to crystallize in either a bcc thoritm
phosphide structure or an orthorhonibic structure. The logier atomic number rare-
earth elements form phases which exhibit the Th 3 P4-type structure. For eleinentF, of
higher atomic nun•ber than about 60 (neodyniium), the tellurides assume the iov~er

'flc tr at(L-asr lc! .1; utJS a VIC C1V!CV'ttanir l On f IL~kit o IWPI 13N iid W XIn JLtS4
JTpi i 0 i a~su.~td t~i.11 Oils cl-rtrm- if (Oful ittth FY). c a- t I lit J'
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symmetry structure. The selenides of rare-earth elements heavier t1an ado

subject are presented in the section on "Structure and Phase Relationships".

Figure 12 shows the temperature dependence of resistivity for Gd 2 Te 3 and
Gd3Te 4 compositions which crystallize in the orthorhombic structure. For the 2-3
composition, both p- and n-type conduction are observed with carrier concentrations
in the rangc I x 1019 to o x 10 9 1icm 3 . The top curve of Figure 1I is for a specimen
which is p-type at low temneratubes and crosses over to n-type at about 900 K. This
_.f#i-i% was singlc-ph"sr (Lh ortiwrhonibac structure) material, which by chemical
analysis was found to contain 0. 9 per cent by weight excess tellarium, Above 900 K
the ntgative temperature coelicie-nt oi resistivdty suggests the onset of intritisic cor-
ductioa, with k a et). 7i1kT for kT expressed in ev.

Without exception, specimens of the 3-4 composition are n-type with free-
electron concentrations in the range 1020 to 10ZZ/cm 3 and RHCY values <1 cm 2/volt-sec.
It zs noted that, if the rare-earth elements are present as trivalent ions, it is possible
that each molecular unit could contribute a free conduction electron. At 100 per cent
ionization of the rare-earth elements, about 4 to 8 x 10oZ electrons/cmn3 vwould be
available for conduction.

A! is shown in Figure IL and Table 13 (in which the properties of representative
specimens are given), corresponding compositions containing neodymium or other rare-
earth elements exhibit properties which are generally similar to those of the gadolinitum
compounds.

TARIT: I. ROO KI-TFMPEImATUIRF FLEC'FICAL PVVOl'IRTirS OF SFIrNIDES AND TE|,I.URIDOS

Carrier Secel()

Synlh,.tic t.,-,srivutv. Hall Cc.,'4icivti•r R11. fall Mobility. CozC¢ccaration. Cov(Iieient,

C£hposiai'wn v. o'lit- Cii C1,!4 
/Coultnlb 1 * C11') -SCC I, CnI

4
- a . It V/ K

(i.,Tc 14" -tt _13 I . -

(,dJ ,c4 1i.1 X I)- Negative ..... 14
;d..e1. LA x i0 Negative .....- 7

Nd iTe4 3. 5 x 10-4 Negative .- 20

r.d3Te4 4.r, x 10-4 Negptiv.
Erlte4 2.9 x 10-4 Ncgative .......

NdoT.:t 0,:4I .. IS 5 4.2 IL 1016 -180

NJ'Te3  1.2 X 10.3 -0. N 6 8 x !0"0 -.10

Nd'2 Tc 3  22 Negative ..... 260

Gd 2Tc.i 1.9 x 10- 2  +0.34 18 J.9 X 013 -190
Gd.2 Tjcj 1. X 10T2  40. IC II 4 x 1Ol0 +10
(;d.,Te-; ... 0 o 10`1-. 55 5.57 x 10 19 -80

2d,.,TV•, R. I 0Y -0.,1 4 2 x 0190

(rneir-grohr•') ,s X lo-2 rtiv-

(v,-rn;-gn,,wn) 1," .. i.3 2.7 x 10i"

.:.) 2 20 Pintiv . 0.4 5 X l016

(ai) valul• ce"v v;|hi cs wt're dt icruiti.d it rt-'ipu'rltU:cs "20 to 40"C #vbove roo, 'Ic pcratuse.
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•o of nott that the M 2 X 3 compositii'ns exhibit rather typical senhzcon-

ducting properties, being obtainable as both n- and p-type materials and posseasuig
higher resistivities and higher carrier mobilities, and, in the case of Gd 2 Te 3 at least,

shuwing the apparent onset of intrinsic conduction at higher temperatures. On thli thn r
hand, for the M 3X 4 compositions, no triidication ol a the rrnalil activat,'d conductiusi

process has been obtained from resistte, -it, dta takti-i as a function of temperature: ii

the range 77 to 1300 K; reliable Hall data could not be obtained at the generally high
carrier concentrations. Both the resistis itý and Scebeck cuCificient tothese r.aterials

tihowed a temperature dependence that appears similar to that of a metal.

The compounds which crystallize -n the Th5 P 4 structure make up a faniilnb of

r-iaterials, ienuberb uof xhich are of interest a, therniuclectric materials for po•ker
generator., operate-d at high temperatures. The Th 3 P 4 structure ib body-centered
cubic with 48 atomns pcr unit cell. "he M 2 X 3 coIIpUSitioflý art- considered to have a

defect Th 3 P 4 structure xkth 1l anions per unit cell and 10-2/3 rare-earth atoms per
unit cell distributed at random over 12 equivalent sites. As additional rare-earth
atoms are added, these vacant sites are progressively filled until tn'e M 3 X4 composition

is attained, corre sponding to all sites filled.

At the (-3 composition, fornial charge balance prevai.6 if the rare-earth elcintcit

assumes a tripositive state. At the 3-4 composition, as many as four excess valenct-
electrons are available per unt cell, or approximately 6 x 10o1 electrons/cm 3 .

One mav adjust the carrier concentration, with a correspondini, change in the

vacancy concentration, by changing the cormposition of the compound in the range
M 3 X4 to MZX 3 . Hence, the values of electrical resistivity and Seebeck coefficient ma'
be adjusted to optimize the thermoelectric figure of merit Z =- .z/,w ., where ; is "C'
Seebeck coefficunt and -- is the thermal conductivity. The carrier concentration alst,
may be adjusted, wvitho, ut a change in the vacancy concentration, Dy replacing rare-earth
elements with divalent alkaline-earth elements, such as bariumyl or strontium.

The range of composition- of interest is shoýn in Figure 15. using the Ce-Sr-Se
system as an illustration. In analyzing series of specimens at points along the two
bold-face lines starting with the 3-4 composition an6 progressively replacing cerium

atoms with vacancies or strontium atoms, electrical resistivity and Seebeck coefficient
of the specimens increase in a regular manner. This suggests that carrier concen-
tration decreases as the rare-earth atoms are replaced or as the concentration of xc'is

valence electrons is decreased. In the limited number of cases in which Hall efiect

couid be measured;., carrier concentrations given by I /RHe were in fair agreement %'-Ath
the calcul.ated number of excess valence electrons. The most interesttig .oniposittons

for thermoelectric applications have been fotund in the regions of intere.ection of the

c:ross-hatched region with the two bold-fact ils.es. Actually, interesting compositions

wo, uld be expected also within the cross-hatched region in %hich the normally vacant

sites of the 2-3 composition are filled only pairtia!lly with rare-earth and alkaline-tarti,

at orn s.

Table 14 shows thermoelectric data at 298 and 1 300 K lfor rcpre ,s•tative cown-

positions, Tht high-temipe rature thermal conductivities %kere estimated by considre-run

(1) measured electrical resistavities, (2) tbre \% jud' maron-YFranz relationship, (3) th-

measured room-temperature thermal conductivities, and (4) high-termipt-rature lattice.

tht-rmiral conductivities deduced from ob-t, rved trends iin tins per-- r•nttt-r for G.S- Ct '
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C,,ij,,SltJ ons (Ret. 13). Estin ate.t , obtained iii t .n , itner art, believed to t, cu*i-
str\.,:iv,.. II vi(.e o1 the fact that itu seriou(,s ,tttenipt hl.,s yet been nitc to optit I zk-

teii niat,.rial ciitp(,sition,, it is erncuurdgilg that ZT values greater that, unity at
1000 C halvkýIV bVIJ I artt;inc d. High-tempu rAtii e figures of nerit of this magnitude arv
ra re. Other simnilar w, ork reported (lRefs. 13, 14) has been limited to sulfides of ra,'e

at rth.- with strontium or barium doping, and estimateu ZT values of unity have been ob-
tained with certain compositions. It has beet, observed that prevention of surface oxi-
datiun ,ind application of contacts are more serious problems with the rare-earth
"Skl]fidez' than with the tellurid.es or selenide-s.

I .A0L11 I . I.IERMOLLELC 11RIC DAIFA FOR REI'RESEN I Al IVE RARE-EARTII CO,"UI'L'NDS AND ALLOY"

t (a),

({UI~i~ I aoill 1.K oliii -- ,W watt Ci1I-dtp,1  LT (E-t.)

I e b1.U x I, - '.

i30u 4.0 \ I "i -21j U. xl 1.'

Nd.:. '7Gr ,4  . 3 [.4 . " .N'I ,. .14

7.5 \ ItJ -2- , . 1 1.1

(a) Thermal I o,,,& h, at 1 , K l:0U I wa b alud•Led a A i h+ ) I. wh.rtc: C%:C LT. i,
j . . . .( . + , ( a t li i u , 1 . ) -'i p- A ' p I( t ;2 ' S f K ) , a n d J L I I. 2 I " , p

Polyselenides and Polytellurides

Although compounds of the type MXL and MX4 tend to dissociate at mode ratc
temperatures, specimens of GdTe 2 , GdTe 4 , and CeSe 2 have been prepared by crystal-
lization of melts under atmospheres of the metalloid vapor. The GdTe 4 , so prepared,
was in the form o( leaflets embedded in a matrix of lower tellurides, and only crystal-
structure studies orn this material were undertaken. However. polycrystalline speci-
mens of GdTeC and CeSe 2 , large enough to permit electrical-property measurements,
were synthesized. In addition, sizable single crystals of GdTe 2 were prepared by a
vapor-growth method in which halogens were utilized to promote transport through
the vapor phase.

The observe-d electrical properties (lower portion of Table 13) indicate that these
compounds always exhibit p-type conduction, with resistivities being higher and the
Seebeck coefficient generally lcwer than those of the p-type specimens of the M 2 X 3 cor-
pounds. The results for CeSeZ show a combination of high resistivity, negative TCR,
low carrier concentration, and low carrier niobility, suggesting similarity to the
samariurn and ytterbium nionoselenides in which ionic valences are balanced. In con-
trast, resistivity of the ditelluride of the normally trivalent gadolinium is low, while
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""-.�v,- ~rtt, t'he I t,,lt tuorin bina r' conspoundt, with the elernents of chenu ical
(-•' *| V, art',oluc and antinoion, which contain nominally equiatornic portions of the
t'hi'ttt'ts and which crystallhze in the fcc NaGi structure. Battelle's research on the
ret'C ,ind antinmony compounds was confined to study of such compostions, and no

inve •tigation was m1ade of the possible existence of other compounds or phases in these
1JIu Lry systeiii-,. Electrical properties of repr..sentative specimens of tht compounds
;arec suown in Table 15. All specimens measured have been n-type. If carrier concen-
ritt ti, are calculated using th., simple I /RFe relation, where RH is the Hall coefficient
,l c. thy chatrge on an electron, large free-electron concentrations in the range 4 x 10 0

t, k, x 10-l/cm3 are obtained. Nevertheless, the electron mobilities determined from
. h, ,-Ierv e- is the electrical conductivity, are seen to be large relative to other rare-

earth coiiipounds studied in this research.

TABILE 14 Ot6sERVED ELECI'RICAL PROPERTIES OF NdAs, GdAs, SmAs, AND NdSb

Tetmpcrat 'rL' Carrier Seebeck
-.. r., vIty. V, Mobility, Concentration, Coefficient,

'. l t~ mpoottoa K t 7 ct't.iiu ot, cmn2 /v-sec 11. 1020 c -"3  a. ' videg

1V.J Nd A,'l u.'. 76 4.0 -22
97 o. 12 13.' 4.2 "8

NdA• 309 0.155 8 ^1 4.7 -9
1)2 ).954 270 4.3 -2

NdAý :10-1 o. 142 8( 3.2 -11
1f; d. 1187 140 5.2 -4

hiP NdAý 3-1')' 0.15 30 12 -3

GdA- 3i35 (1.12 7ý) 8.0 -13
110 9.076 90 8.6 -6

4.IR SmnAs 306 :0.19 50 6 -5
1'4 0.13 70 7 -2

4711 NdSb 30U 0.076 40 20

130 0. 045 70 20

The electrical properties of SmAs prepared using purified samarium were found
to be substantially th. same as for SmAs prepared with as-received samarium metal.
Thus, it appears that impurities initially present in the commercial rare-earth metals
are not contributing a significant portion of the free carriers. One can make the same
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le vu 1 of si I can , to nt aulin , arid uo:Doe r: c.n.'ee n r it ons ¢• 't000, >n " " "

( t Vt -pc-ctivj) tI p rt ii dnp~u c. r11 c I. t.j 40 ant. rui iv

Jit uy, in the .tartin2 ateraL ). It tha r 4) iCo) and t nta u-t act as dorr ,:p.ir~tit.
the conjentration of each element could account for about 1 x 1020 electrons/uni)r

wbnch is 9till oamewhat smaller than the eiuasured carrier concentration ot thib uartic-

i' ,r .:n~ pie (n z x 100/cn3). Tau source, of tac.i(a1n- is nio d,;ubt t t"

whiuch holds the SmAs charge. The source of silicon and copper n:v h. the bp rt"

7) ' Vt OiCp_" .- cd ii. tl'c preparation.. Theu c,' o m un ' oxyg,-n Ct , ncentrations in ttn' ,. i .

ivc -enut been cieterrnined. HwovCver, "t -,ppvars that one not-,t look at othc'r ;)o sibililt i

in addition to Chenlical impurities for th- origin ot the hiýh free-electron ct)nceitrnil.,o

The results of chemical anal sixs oI sevt ral N(LA• specimens ind cjte that tl-h

spucinwens !U146 to be arsenic deficient. For example, analysis of Specimen 4ZRA,

w-hich was prepared with excess arsenic and subsequently sintered in a rbnlic vapor

at 1 atrn of pressure, gave a composition of Nd-As 0 . )44. Specimen IoR app:- rentyv 1o(wt

ara.En•c in pruparat, on, ctni Ironi a sInt tic GonVPu>it.on i. - 0 , 97 to a fin1ail Coll,-

poaitiurn of Nc-As 0 . 96. Carrier COfLcentrations obtaincd from the electrical minatsure-

:ient-s on the two specimens (see Table 1=') reilect the difierences betxeen coti-po Iti,_ 1-
of thul samples, suggesting lattice defects as one possible source of tile high carrier

concentrations.

Figure I6 sh-.\ , the teirperature dependence of RH.I for these materials. The

large concentration. ci charged cairierb present suggest the possibility oi large con-

centrations o1 ionized scattering centers which would suppress the niobility ol electrons
in these materials. H-ow-ever, using the simple relation RH: for mobility, one Suet

that this is not the case. Relatively high mobilities are obtained, being on th( order of

100 cn:2 /vohl-sec for the arsenides at room temperature, v-ith a temperature depend-

ence suggesting that a lattice scattering mechanism dominates. This latter ib in agrec-

ment with the above-discussed conclusion from analytical data to the effect that lattice
defects rather than ionized-impurity centers are the primary sources of change

carriers.

THIN FILMS

Tlhe preparation and study of rarc-earth metals and compounds in film form Aere

undertaken \vith lull recognition of the magnit ade of the task and of the fact that the ba se

,pon which the technology could be built (i. e. , the technology of the bulk mate rials) \\;,
,ot well developed. It was recognized that purtty and crystalline state of the materials.

over which little mni-asure of control has as yet been established, isould have t'vvi-i 1nrt

proluund effect on properties of the films than on those of the balk materials. In

addition, at the inception of the research program, ;t also was recognized that only a

beiinn-ng could be made -vithin the time available in this contract period, It v..
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Pr-panrd... - 11 0t

I 1 lt- )r pa ratilonL itltia u dv ol - iii -,1 t tr. rt - .,l rt h a sts nide ni a lld t I rt r'- ti rt I,

•. 'I ~lO , ,ontailinog s-lcritiiiaii •, .r" undev-!"kt-r. it: th- .lt .ioatt, objectivt of xinaking
t i:%, potVI!.t m l1t 1 ;11% Il I.-I.cetrotiac nkattt'ri,:I ,- * i..I,) it in tIiin-filnj form .i n th. . InItilA

,.xp , rutIltd, t , work -,%iiu i dis .. c.d Im,.re. thick iilnis (Z. 5 to 170 u) v.re prepep red
thit S y ot hUt: Ctec i i ci old lie uvtl, ia. Ivd !.v coo:a ring propv rt iv - of the( filrls

v'. tl th ),t., of thle ii k IN i ti, r : ýi s.

I'ht prk.:- t i-o1 mo vth od, h. htch x, v , tit IlIz vd p)rim a rily . i n olved: (I) the for rnat ion

.,t t 1 ln1 of the r,tre-,.' ,rtn inut.tt b' vactiuz' detpoýition, ind (2) the reaction of thtu rare-

,:ztali- vti wt filin % -ith vapor oif th: ,ii ..ta lfld at mnoderate tenmpe ratures (475 to 1000 C).

11 L ofl lctl ion ll \t.ll the ioir' n rrork, .,;one study %%as niade of the pus. ,i-
I,i lit ! .) ,),;tining vapor transport (,t I:, cimpound. \which cou:ld be utilized for the filmi

dlepos Itton. The restilts of expe rinit nt '. ", th SigiAs, ttlizing .. ni;.,tl concentrations of 1Z
to gunterate a volatile samiariuLM cornpound, tere neg.ative. ,.lt;ough vapor transport

olf -,,.ttirtumn iodide %as ooservcd at 850 C. no vapcr transport o; SmAs was observed
ii, ither direction along a tenpcrature gradient (e. g. , in 48 hours at b1U to 'OU C).

"1 h 1 a 1 I i l I a reement \% ith r(- sultb o;)taint.d in the studies on !he vapor-growth of cry sta ls
(of se, vrlirn e ., and! t.Iltridu.s) '\\ hch are discussed :n a preceding section and which in-

dicaterd that rates ofi t rn, sport of the subject r,, re-va rth coiB1)ot'nds are extreuinely low
in these types of chmnitcal systerns.

To carry out the film preparation as ini'.aliy described, a vacuunm system, such

,,s is shown in Figure 17. was designed and constructed. the essentials were the two

sidethrm,, the substrate holder attached to a magnetic susceptor, and the suspended

tantalum crucible containing rare-earth r-tetal, with provisions for induction heating of

the latter. Trhe substrate first was held in a sidearm and was baked out in the movable

resistance furnace. The rare-earth-metal source was degassed and the system was

gettered by distilling some rarc-earth metai. Next, the substrate was moved into

place for deposition of the metal film. The film then was moved into the second, evacu-

ated side, arn, containing an excess of arsernic or seleniumn and was dropped from the

holder. Finally, the sidearm containing the specimen was sealeti off, removed, and

placed in a furnace where the metalloid vapor wkas reacted with the rare-earth metal

film.

Film thickness was controlled by controlling the time and (source) temperature

for deposition of the rare-earth metal film. Thickness of the resulting film of the com-

pou0nd usually fell within * 20 per cent of the desired value and was in the thickness

range of interest. For example. in a series of six films, thickness ranged from 4 to

o niicron.,. The thicknesses of the films were determined with an optical micrc:scope

imaving a cal,brated eyepiece. Cross sections required for the purpose, which were not

Appreciably distorted, were obtained by fracturing the substrate (and the film). Three

types of sutbstrates were utilized: (1) dense, high-purity, ceramic alumina, (Z) cleaved,
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at Available Copy

[11 l-",l I ,l.•, II~~lA I .:it It~ I•. • I~',J i~ t t # •- ',',| l l k" • ,,' i -k .~ ~ " [ ,,• ..,i t ,, t

~.. ~ tt JINre . 1-( !11n,11-1 tit OL )I eueI: %%]tit 1 iropusrtl.s *.t~ry slitid.zli ti, tht-st
*iti~ahl : ioi a' 'tid. In the ca sv .il thk 'selv,tidt ituI , h wevveri, on,, enlcountterh a

,I, Ir v,, ut rý prublh.an: thei.- l•,ii iprti'pared -it tow tellperature.s (,00 to o00 C) ir,
X~ - (t -e Le a.tuuo f er outd to 1;;i thle poly selenfi de. %15t4, wtuil ac.t the higi u Irt ten. -

it r-i'trt (1000 C) the .s-q(lui 'Chlnide phase was obta~ned. Tihese re sultts Ark in accuru

.t, t:.-- r. .,k1At.- o the- 1iaise•-relationship Studies alld Wthl ub~su rvatiuu ý, nmade in tihlt
Sii r's tit tlth, prl.pa r;aton of the bulk nmateriatls.

1:'Luctrical re.sii.-,tivity versus tern prature itind optical tr.*tnhmis tmr sk da;tt;, we re-
t,,k , i or. th:t- •csquisetitcnude phase; both bets ol .lata indicated th;at the cunducttvitt to

thet range around roouil temliperature is don•inate d by an '.rpuority-activation v nvrg> toi
-0. 35 ev.

The resuilts tor Re,tctions 7,1R and I I II shovw very zlearly thie reactivittes of tht,
rare-earth nmetals. In both cases, the metal films were taken to elevated tenmperatures
wihn coicentrations of the nmetalloid vapors %% re very low. and in both cases the metals

reaCte(d with thel substrrate materials produc,-t4, material with unexpectedly high electri-
cal rcbi,ýtancv.' That this involved reaction %%ith the substrate was substantiated by exx-
aillilrtng a flilm l o ;thdolintllkm nmetal oin crystalline MgO which had been taken to 1080 C
(as Filin 74R), in v.ti toim; the filmj was found, by X-ray diffraction, to be polycrystal-
line and no longer -, atluinium ni ta1 but another unidentified phase.

Tile reaction tinie, tised are believed to be far in excess of tile minimum time

requtired to get essentially complete reaction. No attempt was made to determine the
nitininiuw time or to shorteii the procedure. It was felt that the use of excessively long

high-temperature treatmieints would have a salutory effect on specimen homogeneity.

Preparation of Oxides

Frorn a revie,\ of previous .ork on the preparation of metal oxides (especially

rare-earth oxides), it appeared that it would be possible to prepare rare-earth oxide
films by the direct reaction of oxygen with the metal. However, little or no information
was available regarding the nature of rare-earth oxide fiims. Hence, an experimiental
ulnvesrigatt, 'n of these matero' Is ,lppt-;trcd to be advisable.

The first step taken in thit prepa ration of thin oxide films was to prepare a sn1ootAl
mietal surface prior to the oxidation. Thi two methods used in preparing snmooth stir-

facet were (1) to polish a piece of bulk metal tusing A1 2 0 3 (< 0. 3-ji particles) in k. ro-
sene for the final polish and (2) to vapor-deposit a layer ot metal (a few microns thick)

onto a smooth substrate. Cleaved single crystals of MgO and the fused surfaces of Vycor
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Best Available Copy

t I.. Z - d i 0 I

k!j Ade r v. ithi d iii.ignet. r£I . r~ire--t._.rth tIVtUt ! \,_,s titl., v.'pur-dceposited Unto th e-
b,,tt ra te.

Oxiciation •ab accomplish.d b) h1wating the, pulished bulk metal or vaper-depositeca
wfetal in an oxygen stream in a resListanct. furnace designed for the experiniments. In
exploratory experimernts to determine suitable conditions for film preparationi, the tem-
perature of the metal was increased at a rate of 2 C/min, and interference colors
associated with the rare-earth oxide were observed through a slit in the resistance
furnace. After the furnace had reached the desired peak oxidation temperature, it was
allowed to cool rapidly. Figure 18 shows the interference colors observed at the vari-
Oius temperatures during the oxidation (at I atri of oxygen pressure) of gadolinium,
erbxwn, samarium, and yttrium metals. The apparent order for increasing resistance
to oxidation among the types of metal specimens employed is: polished gadolinium,
polished erbium and samarium, vapor-deposited yttriunm, vapor-deposited gadoliniun,
and polished yttrium. Microscopic observation of the surface of the oxide filnms in-
dicated that areas of the surfaces of a given specimen were oxidizing at different rates,
since several interference colors were seen with each specimen.

Precise correlation between the interference color and film thickness cannot be
made without reasonably comprehensive information on (1) the refractive index of the
film, (2) the effect of the metal-oxide interface on the reflected light, and (3) the widths
of the inte'referenee bands. However, the order of magnitude of the thickness can be
estimated from data on other kinds of films (Ref. 15). Estimates made of the thick-
n-sses of the rare-earth oxide films prepared in this work are in the range, 100 to
3000 A.

Oxide films were also produced on ytteium by anodizing the metal in a 4 per cent
boric acid solution using 1I-/Z to 4-1/" volts. In order to get the reaction to proceed
over the entire metal surface, it was found necessary to clean the surface by swabbing
it with NaOH solbtion until it would be wetted uniformly with water. As in the case of
oxides formed by solid-vapor reaction, the oxides formed by anodization contained
areas which were oxidized at different rates.

To put the evaluation on a firmer basis, the naturt of yttrium metal surfaces
prepared under various conditions was investigated. It was found that the grain sizC
was brought out nicely by etching for a short time using I per cent nitri.. acid in ethanol
or by heating in oxygen, or to a lesser degree by anodizing in boric acid. The following
conclusions were drawn from observations of photomicrographs taken under magnifi-
cation of 600X. The vapor-deposited yttrium metal was blemish free (see Figure 19a),
whereas the bulk metal, which was polished with A1 2 0 3 in kerosene, showed a higl,[
density of blemishes (see Figure 19b), which could be removed by etching. Figure 20
shows the comparison in grain sizes obtained for various preoxidation treatments. Thi
grain sizes of the polished bulk metal (see Figure Z0a) and the metal vapor deposited
onto a single crystal of MgO (see Figure ZOb) were about the same. However, the grain
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. In ge diarneter; and the grain size of the bulk metal after the sample ,ab annualed
-t 900 C for I hour and cooled slowly was many times larger. ca 50 timies (see Fig-
ure /t0d). No vxperiments were conducted on the annealing of the vapor-deposited metal.
The surface of the annealed bulk metal showed sonnc dark areas which were subgr:ir.
Siz, T-lheb t dark ara:s,' apptar to tc a prcci pita.jted phase su ii thtU fnetal, •'•Dc, they rt'--
rniin %k henr. tile Surtface i groIii;d aid•y ano the metal is repolis;,ed.

Although all rare-earth uxidc fia i pxcpdred t- date have been noninifuri in
thickness, as discussed previously, soute quaiitative conioarpsOns can be wade alonor"
tliv various miaterials ancd prepairA~tiv LkLiI!iqU-i used. Lssentiallr no differences are
noted which iould su ýgcst that oxxidizing on e rare- t-a rth dc.A yields a nio re unriliur r
film than uxidizing an-th-er. Like-ise, oxide fI-rn urnior-nity does not appear to depend
on maxuli•um temperature for the solid-vapor -t-action, in thei ternpe rature-tinme pro-

grain employed for thle rt.action, or %vhether or not th1. metal i exposed to the atnios-
phw-re prior tc oxidation. On the other hand, less unitorni films consistently are
produced when polished metal surfaces are oxidized, compared with vapor-deposted
metal surfaces. The sizes of the crystal grains apparent on these surfaces are about
the saine. Hoxrever, one might expect the grains present in the vapor-deposited niatal
to nIve a tendenc" to be oriented during growth so as to have ie-er dittehrent crystal-
luripriphic f-,ccs exposed during oxidat;on, In addition, one Aould expect tie poli sied

sourface to be in a highly strained condition because of wcrk damiage. and it may be less
.smooth than the vapor-deposited metal surface. One or both of thebt factors oight
influence the oxidation and produce the observed difference. To this point, it is noted
that a more uniform oxide film is produced or. a polished surface after the metal has
betin annealed at 900 G for 1 hour. Of course, in addition to removing the effects of
work damna2e, the anneal produces grain growth which may lead to more uniform oxide

films if the grains surviving tend to be oriented similarly. The soiid-vapor reaction
add the a~nodization have produced oxide filns of comparable uniformity.

Contacts to the oxide filrris wsere made (1) with air-dry silver paint, (2) with
vapor-deposited gold and k3) with vapor-deposited rare-earth metal. The lateral dimen-
sions of the samples were large enough that, in some cases, a series of contacts could
be applied to the oxide, thus giving a number of metal-oxide-metal units on each sample.

One of the experimental difficulties encountered in this initial work %as that of
poor bonding between the oxide film and the metal contacts which were vapor deposited
onto the oxide film. It was found that this difficulty was alleviated when the preparation
of oxide and vapor-deposition of yttrium contacts onto the oxide were both carried out

in the same apparatus with no interinm exposure to the atmosphere. Tht difference ob-
served may have been due to the influence of moisture on the surface of the oxide ex-
posed to the atmosphere.

To obtain basic information as an aid in the evaluation of the Y 2 0 3 films, dense
bulk material was prepared. A bulk sp'cimen of YZ0 3 was prepared by heating
powdered oxide at 800 G to remove water, pressing hydrostatically at 100,000 psi, and
sintering at about 2400 C for 10 minuttes in a tantalum tube. The density of the sinte red
oxide specimen was determined to be 4. 63 1 0. 01 g/cmn 92. 5 per cent o0 thu theoreti-
cal density from X-ray diffraction data. The resistivity and iov-fruquency dielectric
constant of this Y 2 0 3 specimen have been measured. The resi-tivity Aas obtamned over
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the temperature range 10C to 160 C. In this range -varied as eL 1 ?2kT the valueat.

100 C .be..p-- -- ' peraturc gi•-es
..... , flr this perameter ,if abiut iO|4 ohm-cm.

The static dielectric constant was measured and. found to be 11 betweern 100 and

100, 000 cps, the loss tangent decreased from 0. 00975 to 0. 0035 over the same fre-

qcpinc,' range. Chang (Ref. 16) reports a refractive index of 1. 93 for single-crystal
YIC 3 " Thi.s wouid give an optical dielectric cunrstant o0 about 3. 7 for the material.

Properties of Metal- Insulator-Metal Structures

Current flow between metal electrodes separated by a thin insulating region can
be established via the following processes (Ref. 17):

(1) Direct tunneling of electrons from one metal to the other

(2) Thern-ionic emission over the metal-oxide contact barrier into tfe

conduction band of the insulator

(3) Tunneling through the contact barrier into the conduction band of the

insulator

(4) Tunneling of electrons directly from the mretal to impurity or defect

levels in the insulator and subsequent excitation of these electrons
into the conduction band.

Process (I) has been investigated theoretically by numerious investigators, most

recently by Simnmons (Itef. 18) who calculated the current density versus voltage, J-V,

characteristics over the entire voltage range and included the effects of dissimilar

electrodes. Meyerhofer and Ochs (Ref. 17) adequately described current flow through
thin tilnis of A1 2 0 3 and BeO in terms of Process (1) by adjusting barrier parameters to

produce a calculated J-V curve which agreed quite well with their experimental data

over much of the voltage range.

Similarly, the theory for Process (Z) has been worked out, and use of this
(Schottky) emission phenomenon is made in varactor diodes, for instance.

Process (3) is, in reality, a limiting case of Process (I) and occurs at biases

such that the applied voltage is greater than the barrier height at the metal-insulator

boundary.

Process (4) does not appear to have been treated in any great detail in the litera-
ture, but it is suggested in Reference (17) that the over-all effect would be a reduction

in metal-mreital tunneling brought about by an effective increase in the barrier height due

to space charge buildup.

Thus, the analytical tools are available and under conditions such that one me-

chanism is dominant, quantitative information regarding effective barrier heights and

thicknesses can be obtained from analyses of the J-V data. In practice, however,
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certtiii expertintentail ditficulties are so~n~etinc en~counte red.,,__
proe-vncerennrnngpatns tnroug- LLIL if-lati-at.. Mii, rAii

4 inddi,,a01ty of the i-v
characteristicb due to surface phenomnca or pour phy ,cal and electrical contact at tlt-

metal-insulator boundary. Similarly, the analysis -s complicated by the addition of
such unknowns as nonuniformity of the filns, the presence of impurities or trap.-,, and

the use of dissimilar-metal electrodes..

The structures studied in thii iiivestigzti<un were prepared by the mnethods dis-
cussed previously. The rare-earth me'tal (hulk or vapor-deposited nasi) served as cwr

electrode, the other being either vacuumi-deposited gold or rare-earth inetaiP; or air-
dry silver paint. As was already reritr1,1 id, -when liti- baet:-rinvta1 I lectrode %\\as
hi.n-, it was several mnicrons thick. The oxide films were 100 to 3000 A thick. Effc-:t
\\ as especially due ute d to the developmenth of pit- odo re s fur the preparation of st r t,ý ret
with both, electrodes A', the same rare-e-arth (, ttriumn) nietal, since analysis oX J - V

characteristacs is teast complicated tor sudch structures. Lead wNires were attache-A

using either sllver paint or a low melting In-Ga alloy. Current voltage characteristics
w;ere obtained by a point-by-point technique or from a Tektronix transistor curve
tracer.

The presýence o1 -horting path- v., s indicated in miost of the structures prepared
during this investigation. In stnine cases, the•,, could be "burned off" by passing re-
latively large ctrrent• through the structure: fur short pericds of tinme. The contact

problems, however, 'ere not so easily solved. L, addition to the instability and non-
reproducibility of the characteristics. : rq was ailways doubt as to the true (electrical)

contact area and hence uncertainty in t:- current density. For this reason, Battelle's
results are presented in terms of . - rather than J-V characteristics.

Typical examples of such characteristics are shown in Figure 21 and 22. F ig-
ure 21 shows the I-V characteristics for Gd-Gd1O 3 -Ag structures 124 RA and 124 RI),

tormed on polished gaýdncliniun, metal oxidized to 355 and 190 C. respectively. Althoukgh
the I-V curves for these specimens both have the same shape, the curve for 124 RA lies
above that for 124 RB. Assuming the thicknes ss of the oxide layer to be the controlling
factor, the reverse should be true since the oxide layer was forned at a higher tem-
perature on Specimen 124 RA.

This discrepancy may arise in part from a difference in true contact area betvwven
the two structures, or be a manilestation of nonuniformn filn thickness. It may be ob-
served, however, that the general features of metal-metal tunneling are indicated bi
these curves, i.e. , ohmic behavior at lo-w voltages and rapidly increasing current at
higher voltages. That significant departures from ohmic behavior are observed only at

voltages greater than I volt indicates a high barrier, possibi'; 3 ev, while the magnitUde
of the current indicates that the barrier is also narrow [sse Figure 7 of Referencte (lei)

for instance].

Muot dzta on Y-YO -.Ag structure 1-28 RA. tiie basic structure of %kinch 'A;s prc-
p,tred by the oxidation of a vapor-depos ted yttriunl Li lan to 370 C, gave curves similn.ar
to those for 124 RA and 124 RB. On the utlier hand, FVigure ;2 shows the I-V charactcr-

istics observed in one case for the btructure 1.'8 RA, which predict a very low barretr.
T,,N, C xpcniaite-ita'l points can be fitted uver the i•nt.al portion of the curve by am cLqa;itiu-;

of the form I = Ki (5) e This )is tht fit iunctional relationship occurring 3n

tI' tio'1i:i 1i !Z t t OjI,Ldci' tko h, of If " jAft j -, th )j!,up-
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turn II eini• Iu. ThIs suggebtt t hat thefcieý;Ivv ba rrier height athe Y-Y/O 1 nterface.s
~ ~i~Elurwhth~ 6 v~.One posailte

explatiation for this inconsistency it that the prt.sence of interface states is dominating
the characteristics of these structures. In many specimens, difficulty in maintaining
phbyical contact between the oxidv and the woreign metal electrodes was encountered.
In still other specimens, the surface of tii. oxide layer appeared to be highly conducting.
SýirfaceL COiifl1i1iiT0on c(O'ld Accoutnt for thest, effects and such contamination is possible

s-ct•c all uf the st. acturc-s %ere expustd to the atmosphere during some stage of the
pruce si bng.

Before a meaningful assessient can be niade of the properties of these materials,
there i, a need !or more exteniive investigation oi the mechanism of oxide growth and
fuýr |oit.- preclse control over the experimental techniques employed during processing

• ct mIeasurement.

POTENTLDL DEVICE APPLICATIONS

Although electronic-grade rare-earth metals are not yet available, and, problems
connected 6kith control of stoichiornetry remain, the eventual utilization of rare-earth
compounds and alloys in electronic applications is definitely indicated. Studies to date
have indicated diverse applications for rare-earth compounds and alloys including

thermistor and related devices, power-generation de., ces, and active devices, in-

cluding "tunnel-emission" devices as well as the n'.or - conventional p-n junction device.
Of these, realization of p-n junction devices utiizing rare-earth compounds is most
speculative at this time. However, the rare-earth compounds with Group V-A anions

appear to be a class oi refractory, moderately-high-mobility semiconductors of
potential interest for active device components.

Thermistors

As has been shown, the rare-earth monoselenide and monotelluride compositions,

in which the rare earth is one such as samariun and ytterbium (and probably europium)
that readily exhibits a +2 oxidation state, have relatively large room-temperature re-

sistivities and exhibit large negative temperature coefficients of resistance (TOR). The
materials are of special interest because of their high melting points and good thermal
stabilities which indicate the feasibility of high-temperature (500 to 800 C) operation of

the rini stor-type devi,;es made with these materials.

Figure 23 is a plot of specific resistance as a function of temperature for SmSe,
YbSe, and typical commercially available thermistors. It iý seen that the TCR's of the
experimental samples of StoSe and YbSe compare favorably with those of the commer-
cial thermistors and, in addition, it is indicated that thermistors based on these still-
to-be-optimized materials could be operated over a much broader temperature range,

extending to considerably higher temperatures.

62



-LN) 0 t0 40 600 800

ff

\ commerciol Thermistor
tO• --• •--Unit to 300 C ! •

- 00

Commerciol
unit f or !

low temp ,/Yb Se

0.1 __,_ _.__ L______

tO -0 0 V U0t to 300 C

Temperoture, Crmit 1

FIGURE 23. SPECIFIC RESISTANCE AS A FUNCTION OF TEMPERATURE

FOR RAREoEARIH NIONOSELELNIDES AND COMMERCIAL
THERMISTOR COMPOSITIONS

63



The dtgree of reproducibilitý obtained in ths, prvparation of the rare-earth corn-

still more attractive. The advantages seen for these materials over commercial

thermistor materials are based on these points, as follows:

(1) Potential operation at higher temperatures

(2) LsNs extensive calibration for each device element, since
properties are very insensitive to purity and crystalline state

(3) Less stringent production-process control, since purity and
crystallinu sta~tu necd not be controlled precisely

(4) Improved stability as compared with that of ceramic compacts

(5) Faster respuonse tires, since thermal conductivities of the

crystalline materials may be expected to be higher than those of
the pressed oxide powders.

Adjustable TCR Resistors

Studies of the aforementioned pseudobinary alloys of the compounds point to

potential application for the alloy materials as well. Electrical-property studies of
the SmSe-NdSe alloys show that the temperature coefficient of resistance (TCR) for

low NdSe concentrations is negative, being quite large for pure SmSe and decreasing

as the NdSe concentration is increased, as showrn in Figure 24. On the other hand, for
high NdSe concet.trations, the TCR is positive, increasing in magnitude as the NdSe

concentration is increased further. Hence, it is suggested that alloy compositions

could be obtained which exhiLit a cl-oserk (even zero) T',R over a relatively large tem-
perature range. For this particular alloy system the TCR for a composition containing
1b per cent NdSe is negative over the temperature range of the data shown in Figure 24

and is about 1700 ppm/C at 25 C. At 24 per cent NdSe, the TCR is found to be about
- 1000 ppm/C at 25 C, and at 33 per cent NdSe, the TCR is positive and <200 ppm at
Z5 C. Hence, the lowest TCR near room temperature would be expected for composi-
tions in the range Z4 to 33 per cent NdSe.

An investigation of other alloy systems of the same type (perhaps involving sulfur
instead of selenium) would be expected to yield higher resistivity material at the
optimum composition (i. e. , the composition showing a minimum TCR). Alternatively,
it may be possible, upon further study of such systenis to tailor the TCR of the material

to fit requirements for various applications and in various temperature ranges.

Thermoelectric Generators

Material im the group of rare-earth selenides and telilurides with compusitions
having metal-to-metalloid ratios in the range 3/4 to 2/3, and which crystallize in the

Th 3 P 4 structure, are of interest with respect to energy-conversion technology utilizing

thermoelectric phenomena at high temperatures. Electrical resistivity and Seebeck
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coefficient of theae materials can be controlled by adjusting the metal-tO eta!oid
- - -. eat,. ~~o iiF1 ethe 41Afalnc- earth

elements (calcium, strontium, barium). Table 14 shows thermoelectric data at 298 and
1 300 K for representative compositions. Realhzing that no serious attempt has been
made to optimize these materials, estimated values of the dimensionless figure of
merit ZT at 1300 K are extremely encouraging, being on the order of unity for a number
of compositions already studied. As mcntioned earlier, compositions lying within the
Lrua3-hatched area o0 k'igure 15 may be expected to be especially attractive in this re-
gard and should be investigated thoroughly.

Metal-Insulator Structures

The recent trend toward miniaturization of electronic components and circuitry
has created intense interest ,n deposited-film microcircuitry, thus prompting interest
in the so-called "tunnel emission" devices (Refs. 19-22) as potentially useful active
components, which conveniently are prepared in thin-film form. These devices, which
act as nonlinear conductors in a diode configuration and are capable of amplification in
multielectrode configurations, are basically metal-insulator sandwiches, in which
electrons pass through a iin .isu'•.*tor between metals by tunneling or b; other
nm echanisms.

Although it is premature to suggest that rare-earth metals and oxides will be im-
portant materials for such devices, one may consider them as potentially useful. As
indicated in the section on "Thin Films" (I) the rare-earth metals can be deposited as
thin films, (2) thin rare-earth oxides can be formed on the metals by conventional
techniques, such as, by anodization and vapor-phase reaction, (3) the rare-earth oxides
ippear to be suitably insulating materials, and (4) nonlinear conduction has been ob-
served in metal- oxide- metal diode configurations.

SUMMARY

A considerable amount of progress has been made on the subject program in the
synthesis and evaluation of new rare-earth compounds and compositions. More than
i0 compounds and compositions (principally the rare-earth selenides, tellurides, and
trsenides) have been prepared and studied in bulk and thin-film forms. The rare-earth
:ompounds investigated are refractory materials having melting points in the range
400 to ,200 C for the selenides, tellurides, and antimonides and in exess of about

'500 C for the arsenides, phosphides, nitrides, and oxides. The rare-earth metals are
ound to be quite reactive, particularly in the liquid state, hence finding suitable con-
airer materials for synthesis work was a problem. In addition, most of the reactions
nvolved in syntheses at high temperatures were found to be rapid and exothermic. In
:eneral, both problems were surmounted by utilizing solid-vapor reactions at re-
atively low temperatures (400 to 1000 C). Methods have been developed for the growth
f single crystals of the refractory compounds, both from the melt and from the vapor

,ha se.
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tt-h*V beateei WT 1 )-1J4i Xn, of vnriat~le sceleliuri. or

tellurium content,* a sequence of •onipoaind., cti, be formed, pvsse % in•g a viad ranit oW

properties. In sonme ranges of comnposition, the transition fromn one type of conducix'on

process to anuthe r appears to be gradual, thus presenting the opportunity for stiidy ot

subtle differences betxkvv,: rac extrvnme.. Whehn thI, changv> in corduclixt\ rti,'i-, .,;r ,r

are aeconipa nit'd I)% change s in. st r dctui 1, itrtntvI4k A ,
zyste.i. for a study of the effects oi changes in lattiCe spacing. bcnd~ng, uiid othyr

crybtaline enviruonmnental factors, on the transpurt prope rti-•,.• ot a solhd C.:;.,;au.,aia

rtigum :hangmng chemical species are avuided. Thu, th.-k a re attractive

3y steesi s for studying inte rrelations bet c" or 'Ta I -t cria. c . .c i .ci . •ci a -r!: , A

Uti!tzatit'n oU representative rare-earth .lenients to form compounds and alloys

%. ±th !hw G, roup V-A and Group VI-A elenents i•as provided materials br • h'chI.t-,:i
-,a r;ctvr- stics rainge froin those of high- res. Avxty sernziconductors to those of meCtai-

laki' conductors, and wihich exhibit electronic transp,,ort properties of both practical an-d

theoretical interest. It has been sifovn that the moinoselenides and monotei.lu1ides of

sainarium and ytterbiun- are potentially valuable thermi tor m1,aterials which can bServt

as a batsis for the development o; an inipro ud dvic,2 op•t rabue at high tc rlpt rutar t .

Ailoying thesc compounds Ntith the znOO-e Icdc anmd noionotcilu•ridez of tr;potrit it.

rare-earth elenments yields. with:c. a givnC ailol 0ysten,. specim1nstrlS having reslstivuIlcý-

in" a wide range ( 105 to 104 ohm- cnru), In addition, v. thin a given alloy system, o.'k

has control of the tenmperature coefficient of rvsistance, being able to vary it Irom

negative to positive and apparently the ability to obtain a TOR very near zero over a

wide temperature 'armge. Analysis of electron conduction in these allo')y- system, in-

dicates that the conduction process Involves inte ractions betVieen the trni;ustivv rare-

earth atoms in chainlike arrays on nearest-neighbor cation sites.

Results obtained have indicated that neodymium teliuride and alloys of certain-

rare-earth and alkaline-earth selenides and tellurides are sumerior high-temperature

tliermoelcctric generator mater, uis whLch mnay be useful for energy conversion,

Metal-insulator configurations have been prepared with rare-earth metals and

rare-earth oxides and analyzed electrically using diode structures. Electron transport
through thin layers of the oxides has been observed and current-voltage characterrstics

consistent with tunneling have been observed qualitatively.

RECOMMENDAT IONS

Results of this research have clearly sho\\ n the rare-earth metals and compoiand_
to be interesting and potentially valuable materials mtorthy of further consideration and

study as solid-state eiectronic mate nais. Four gcrval typen at uturt' in vest gut m.

arc' reconim•ended;

(1) Dev:cr d,-'veloprnent progrann b.ae-,vd on potentially useful properties

already observed

(Z) Fundamental studies of transport pht-,o.na <ni-ad properties, band
structures, and cry,-tal strucrurt s 'I t. rti riaia.
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iii;tht- ui)ý pr.-perties of the ni ate ri aIs,

rxii,.11.g int! -Aidt , ot other classes of Conmpounds,

(4) Gintinied ,xpluratory study" of the inaterials in thin films and thin-
ltrim •trict,.re •, an ,iru i Aic. ha., bar ui i. beu'n entered.

it i,- 1jr ieved that the cited reisulits and acconiiphshments clearly indicate the

u ,,ý r-.-ity uf uuitniuiri/ rctsetarcu on rare-earth n-etals and comipo•uradt Lur electronic
"-Inp'l;Ca r,:, lit 1,dditiQzn tu the sectiun in this report which points out potential device

tioe rr stor-txpe, adjustaih-- TC.- resi~tu.r, and the ri•,Aolectric- generator devices
:.. ',. ,.', V ir' - e rt ti Sc .' it•id ~and tcl. urides previously have been submnitted to the

Lltcct ro.c T:c uol. ~Labora-ory; these recon-r nicndations are reiterated here.

AI S lndicated INi the Stmnnary above, MX, binary systems are attractive as the

-..,'it -tt o, tuan2t , t•ties of crystal structures, band structures, and transport
•,<uhjs, .ucf ,tudiUs arc :-econ-icrnded to advance the basic knowledge and under-

ir•c~i _;. of tiu i ,t- d .tate.

A-;t•i;,,i, :eod pr' zrv s h- be:icn made, a nurnber of rare-earth comnpounds con-
Group•s V ',nd VI eleleints (e. g. , .)xides and phosphides) deserve more 6tudy of

,,! .v,,iriaton ty)pc. In addition, the solid-state electronic properties of rare-

• .rt• or de.. siii c dt', and pos sibly carbides Arv of potential interest, and these

'iTtOi u dL- ultini:itc'ly snould be studred. Vt ith the arnount of data generated in the past
, i }r.s .t Butte lie an, d vth the stimulated interest in rare-earth research at other

,ttli.[t on['s, on( L;at a gookd touindation on which. to base choices of other rare-earth

iitt rv. is fou inuore extensive restarch and developmnent,

Ilit- obuer rVatIO, .,j ctnaractei .stics consistent with tunneling in rare-earth metal-

xide--'tA, structuru-.- . nd the observed insulating properties of the oxide point to the

:t--,rb~Iity ,r co,•rtirnof stud)y of such mater.als in these structures and of continuing
taid. At rar-.carth ru iaterialIs in thin-film forin.. In this and in other cases, it appears

itii t;.- li.v. pur.t', of the rare-earth materials and the presence of grain boundaries is
iv. or '.ltimittt-y will be, factors itmiting development of basic knowledge and potential
se ot the m-aterials. Hence, it is recommended that emphasis be pl,ýzzd on the puri-

lcatin ,r•( contrtl of thc crystalline state of the rare-earth metals and compounds in
iture rcse-•rch, rd particularly in the research on thin films.

PAPERS PUBLICATIONS AND PATENTS

T- pol-jdc tinij tv ird fruitful diss--rination of t-cl,.tical information generated on

. :)rtairn .ini. Z i':)t-rs technical papers have been presente-d orally and published.

it,'t ipuiC~tct'.- ta-. been filhd [or t-•, inventions made during the program and are
titled mf-ipcr.!týIr- Sefns:,ine DAvice-" and "Resistance Devices". Papers presented

1(i pkithct,-ition• ri s lIt.inu [rom the siuilect irvvw'tigations are Lsted, a- follows:
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